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§ 1, The Occurrence o! Fluorine 

Tuk four element* fhtnrim*, chlorine, bromine, and imimo together form a remarkable 
family, and they air grouped under tlu* name halogens or salt-formers — a\s, sea- 
salt; yur.i..>, I prodm**\ J. ,S. (!, Kehweigger used this term m 1811, audit was also 
employed by J.J. Berzelius* far the non oxygenated negative radicles — simple or 
compound vv hi* h combine with the metals to form units. J, J, Berzelius was 
iucJincd to ifvlurl t lu* {t-rm more particularly to the simple, radicles F, 01, Br, I, and 
the compound tat licit* t\N\ .1. J. Berzelius term halogen lias boon retained for the 
four element s and ryti linden dropped from the list. Tlie binary salts — fluorides, 
old widen, bromides and iodides are culled halides, halide salts, or halotd sails . 
This term \\\u uIkiy employed by «L J. Berzelius for the saLts formed by the union 
of fhc metals with fluorine, chlorine, bromine, iodine, anti cyanogen; as before, 
cyanogen ha** again been dropped from the list. 

The iirst member of the family of halogens, fluorine, is tho most chemically active 
element known; the chemical activity of the other members doorcases with in- 
creasing at, wt. Fluorine can scarcely be said to occur free in nature, although 
0. A. Kenngott (1 and V, Wohler (1801) suggested that the violet felspar of 
Wulsendorf, uiu( JL Berquerel and JL Moissan (J 81)0) 2 that t ho violet fluorspar 
from t^mueie (Villefmnehe), probably contain free fluorine as an occluded gas. 
These vimelies of fluorspar were designated hcputischcr LUussspath and Bi'ink- 
Jlmsxputh by K. (J, von Leonhard (L82I) and J. V. L. ILausmunn. (JL847). 3 When 
these minerals art* powdered they emit a peculiar odour recalling ozone, and this has 
been utt ribuf ed by various observers to tho presence of various substances — c.tp hypo- 
chiorotm «u id {M, SelmfhauLd), ozone ((J, F. Behonboiu), free fluorine, or of fluorine 
from the dissociation of an unstable fluoride or porfluorido (0. Loow). 4 The 
eluimwal reactions of the gas, however, wore found by II. Bocqucrel and H. Moissan 
to correspond with fluorine which must bo present either as occluded froo fluorme, 
or else us an unstable porfluorido. The evidence is not decisive though the former 
is the more probable explanation of tho reactions. P. Loboau ® obtained similar 
indications of fluorine in emeralds obtained from the vicinity of Limoges. 

Combined fluorine is fairly widely distributed m rooks. According to 
F. W. 01arlc<\ u it is about half as abundant as chlorine, since ho estimates that the 
terrestrial matter iu tho half-mile crust — land and sea — contains 0*2 per cent, of 
chlorine, and 0*1 per cent, of fluorino, F. W, Clarke places fluorine the 20th and 
chlorine tlie 12th in the liBt of elements arranged in tho order of their estimated 
abundance in the half-mile crust of tho earth. Small quantities of fluorine are 
commonly present in igneous rooks. J. TL L. Vogt estimated that fluorine is the 
more abundant in tho acidio rocks ; chlorine, in the basic rooks. The most charac- 
teristic minerals containing fluorino are fluorspar, fluor, or fluorite — calcium fluoride 
— — OtnUoryolitt* —a double fluoride of aluminium and sodium ; the less important or rarer 
fluoriforous minerals are : fluellite , A1F 3 ,H 2 0 ; chiolile , 5NaF.3AlF 8 ; setta'de, ,MgF 2 ; 
tysonite, (Oo, La, Di)F 3 ; pachnolilc and thoms&nolUG, NaF.CaFa'AlFa.HgO ; raLstorvite , 
2N , aF.MgF 2 .6Ai(F,0H) 8 .4H 2 0 ; prosopUe, CaF 2 .2Al(F 3 0H) 8 . Fluorine is also con- 
tained in some phosphates — c.g. fluorapatite, phosphorite, sombiente, coprolites, 
von. tl I B 
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and sfcaflelite , and in some silicates— e g topaz, tourmaline, herdcnte, yltroecrifce, 
ainphibole, nocerme, kodolite, melmophane, hieiatite, lepulolitc, anti in man} 
other silicate minerals. 

Several mineral waters have been reported to contain minute quantities of 
soluble fluorides. The spring at Gerez (Portugal) is one of the richest, fm, according 
to 0. Lepierxe, 7 it contains 0*296 to 0*310 grm of solid matter per litre, and of this, 
0 022 to 0 027 grm is an alkali fluoride , and of the 93 spring waters examined by 
P Carles, 87 contained soluble fluorides F Parmentior has denied the existence 
of fluorine in many waters in which it is supposed to exist , but according to 
A Gautier and P Clausmann, all mineral waters contain fluorine, and the proportion 
is greatest in waters of volcanic origin Thermal alkali bicarbonate waters arc 
particularly rich in the element, although the proportion does not appear to depend 
upon the temp As a general rule, mineral waters of the same kind show an in- 
crease of fluorine accompanying a rise in the total salts In the case of calcium 
sulphate waters, whatever their origin, the amount of fluorine is about 2 mgrms 
per litre In 1849, G Wilson reported on the occurrence of fluorine in the Clyde 
waters, and m the North Sea ; and generally it has been found that sea water contains 
about three milli gra mm es per litre; the proportion varies slightly in different* 
places and at different depths A Gautier 8 found about 0*11 mgrm of combined 
fluorine per litre of gas collected from a fumerole fissuio in the crater of Vesuvius ; 
and 3*72 mgrms per litre mthe condensed water fioin the boric acid fumoiole of a 
spring at Larderello (Tuscany) 

At the beginning of the nineteenth century L «T Pi oust and M. do In Mcthcrio 0 
first noticed the presence of fluorine in bones, and the fact lias since been confirmed 
by numerous others A Carnot found 0 20 to 0 65 per cent ot calcium fluoride in 
fresh bones, while old fossil bones contained much more — 0*88 to 6*2 1 pci < cat . Thin 
fact was first noticed by J. Stocklasa m 1889 Modern bones were found by A. Car- 
not to contain a minimum proportion of fluorine , tertiary bones contained mere ; 
mesozoic bones still moro , and m Silurian and devonian bones, the proportion 
of fluorine was nearly the same as m apatite A Carnot attributes the progressive 
enrichment of bones to the action of percolating waters containing a small proportion 
of fluorides in soln — e g the waters of tho Atlantic contain 0 , 822 grm. per cubic met r<\ 
According to F Hoppe, the enamel of tho teeth contains up to 2 por cent, of calcium 
fluoride ; and according to W Hempel and W SchelHer, the tooth of horses contain 
0*20 to 0 39 per cent, of fluorine, and the teeth of man, 0 33 to 0 59 per cant. 10 
unsound teeth had but 0 19 per cent of fluorine P Carles 11 found 0*012 per cent, 
of fluorine m the shells of oysters and mussels living m sea water, while Fossil oyster 
shells contained 0 015 per cent He also reported about ono-Eourth us much 
fluorine in fresh-water mussel shells as is present in tho shells of soa- water mussels. 
The brain (E N Horsford), 12 blood (G Wilson, and (}, 0. Rees), and the milk 
of animals (F S Horstmar) have some fluorine The brain of man contains about 
3 mgrms of fluorine, and although the of fluorine in the annual and vegetable 
organism has not been clearly defined, some physiologists believe that the presence 
of fluorine is necessary, in some subtle way, to enable the animal organism to 
assimilate phosphorus G Tammann found that least fluorine was contained 
in the shells of eggs, and most in the yolks About 0*1 por cent of fluorine occurs in 
the ash of vegetable matter — particularly tho grasses.™ A. (r. Woodman and 
H. P. Talbot reported that fluorine is common in malt liquors ; most malted beers 
'contain not less than 0 2 mgrm per litre. T. L Phipson lias reported 3*9 per cent, 
of fluorine, and 32*45 of phosphoric acid m fossil wood from the Isle of Wight, 
thus showing that the wood had been “ fossilized by phosphate of lime and 
fluorspar.* * 
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§ 2. The History of Fluorine 

■j ho mineral now known as fluorspar or fluorite wets mentioned in 1529 "by 
G Agricola, in his Bmmnnus , sive do re metalhca dmlogus (Basilise, 1529), and 
designated Jluores, which, in a later work 1 by the same writer, was translated into 
Flusse. A. J Cronstedt, 2 in 1758, used the terms Fhtss, Flusspat, and Glasspat, 
synonymously C A Napione (1797) called the mineral fluorite ; E. S. Beudant 
(1832), fluorme ; and M. Sage (1777), spath fusible. These terms are derived from 
the Latin Jhio, I flow, in reference to the fluxing action and the xeady fusibility of 
the mineral ; consequently, fluor lapis , spatum mtreum , and Glasspath mean the 
fluxing stone. J. G Wallerius 3 refers to the luminescence of the mineral when 
warmed, and this phenomenon led to its being called hthophosphorus and phosphoric 
spar The variety which gives a greenish phosphorescence is called chlorophane — 
xXiopos, green ; <j!>amo, I appear — and also pyro-emerald 

H J£opp reports 4 that H. Schwanhardt m 1670 etched glass by the action of 
fluorspar and sulphuric acid, and that in 1725, M. Pauli made a liquid for etching 
glass by mixing nitric acid and powdered fluorspar. In 1764, A S Marggraff 5 
distilled the mixture of sulphuric acid and fluorspar in a glass retort, and found a 
white powder to be suspended m the water of the receiver. He therefore concluded 
that the sulphuric acid separates a volatile earth lrom the fluorspar. 0. W. Scheele 6 
repeated A. S, Marggraifs experiment, and, m his Examen chemicum fluoris mmeralis 
ejusque aciii (1771), concluded that the sulphuric acid liberates a peculiar acid 
which is united with lime in fluorspar The acid was called Fhbsssdurer^ uor 
acid — and fluorspar was designated jlusssaurer Kalk. After the expulsion of the 
fluor acid from the lime by sulphuric acid, selenite — calcium sulphate — remained m 
the retort He found that hydrochloric, nitric, or phosphoric acid could also be 
used in place of sulphuric acid with analogous results. M. Boullanger 7 took the 
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view that Scheele’s fluor acid was nothing but muriatic acid combined with some 
earthy substance, and A G Monnet that it was a volatile compound id sulphuric arid 
and fluor C. W. Scheele, 8 however, refuted both hypotheses in 1780 ; niul 
concluded : 


I hope that I have now demonstrated that the acid of finer is and remains entirely u 
mineral acid aui generis. 

C. W. Scheele generally used glass retorts for the preparation oT the* and, and he 
was much perplexed by the deposit of silica obtained m the receiver. ( k \V Scheele 
thought that the new acid had the property of forming silica when in contact w il h 
water, and it was therefore regarded as containing combined silica. The smnee <d 
the silica was subsequently traced by J. C E. Moyer and J. (J. Vicglcb » to the gins- s 
of the retorts, and was not formed when the distillation was eflocled in met til vessels, 
and the acid vapours dissolved m water contained in leaden vessels. The gns 
obtained when the fluorspar is treated with sulphuric acid m metal \essels is hydro- 
fluoric acid, and if m glass vessels, some hydroAuosilicie acid is mixed with the 
hydrofluoric acid 

In Lavoisier’s system, 10 Scheele’s acid of fluor became Fannie Jluot n/ur a com 
bination of oxygen with an unknown radicle, JLuorium , and m 1789, A L. Lu\ oisicr 
wrote : 


It remains to-day to determine the nature of tlie fluoric radicle, hub since the arid has 
not yet been decomposed, we cannot form any conception of Iho ituliclc. 


In 1809, J. L Gay LussacandL J Thenard 11 attempted to prepare pure hydro- 
fluonc acid, and although they did not succeed in making the unh\ (truus acuC they 
did elucidate the relation of silica and the silicates to tins acid. IL. Davy's will k <m 
the elementary nature of chlorine was published about this time ; and lie received 
two tetters— dated Nov. 1st, 1810, and Aug. 25th, 1812 12 — from A Ampere suggest- 
ing “many ingenious and original arguments ” in favour of the analogy between 
hydrochloric and hydrofluoric acids In the flrst letter, A. Ampere mu d * 


It remains to be soen whether electricity would not decompose liquid hydinfltinnc nnt] 
if water were removed as far aa posable, hydrogen going to one Hide mid ov\ fluoric acid to 
™ ° t f'EP w * ter S™ 1 hydxomuriatic acid are decompos'd by the same agent 

The only diffieulty to be foaxed is the combination of tho oxylluorie acid. set five with iho 
conductor with which it would be brought into contact in the tuutmii MuLo jvrimns 
there is no metal with which it would not combine, but supposing that n\\lhinnc nent 
°r5y mu J? atlG aoi( b be incapable of combining with carbon, this* lid ter bnrJv 
might be a sufficiently good conductor ior it to be used wiLh success as such m this experl- 


In the second letter, A Ampbre suggested that tire supposed element he culled 
“fluor— fluonner-m agreement with the theu icccntlv adopted luune v/thn htv 
takieefa A Ampere’s suggestion has boon adojited umvemilK. No one 
doubted the existence of the unknown element fluorine although it successfully 
resisted every attempt to bring it into the world of known fuels. Belief in if* 
existence rested on the many analogies of its compounds with the other three 
members of the halogen family. For over seventy years it was neither .seen nor 
hand ed During this time many unsuccessful experiments were made to isolate 
the element. H Davy 18 thus describes Ins attempts : 

I undertook the experiment of electrizing pure liquid fluoric acid with 

to o£Eer ^9 . most probablo mothod of twoertammg ils real nature but 
considerable difficulties occurred in executing the ■niooohH Tim Hmml ti.,,,,,, / ** 

containing metallic wires, by winch it might be electrized, but without Lco,t. 1 HukoX'h 
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however, in boring a piece of horn silver in such a manner that I was able to cement a platma 
wire into it, by means of a spirit lamp, and by inverting this m a tray of platma filled with 
liquid fluoric acid I contrived to submit the fluid to the agency of eleotnoity m such a manner 
that in successive expemnonts it was possible to collect any elastic fluid that might be 
produced. 

Having failed to isolate the element by the electrolysis of hydrofluoric acid and 
the fluorides, H Davy tried if the element could be driven from its combination by 
double decomposition, He attempted to drive the “ fluoric principle ,s from the dry 
fluates of mercury, silver, potassium, and sodium by means of chlorine. He said : 

Tho dry salts were introduced m small quantities mto glass retorts, which were exhausted 
and then filled with pure chlorine , the pait of the retort m contact with the salt was heated 
gradually till it became rod There was soon a stiong action, the fluate of mercury was 
xapidly oonvortodmto corrosive sublimate, and the fluato of silver more slowly became horn 
silver. In both oxponmentb thoro was a violent action upon the whole of the mtenor of 
tho rotoit On examining tho results, it was found that in both instances there had been 
a considerable absorption of chlorine, and a production of silicated fluoric acid gas and 
oxygon gas I tried similar oxponments with similar results upou dry fluate of potassa 
and soda, By the action of a xod-hoat they were slowly oonvorted into muriates with the 
absorption of clilonne, and tho production of oxygon, and Bilioated fluoric acid gas, the 
rotoit being conodod evon to its nnck 

H. Davy assumed that his failure to obtain the unknown element was due to the 
potency of its 1 eaotions. H Davy tried vessels of sulphur, carbon, gold, horn silver, 
and platinum, but none appeared to be capable of resisting its action, and “ its 
strong affinities and lugh decomposing agencies 35 led to its being regarded as a kind 
of alcahost or universal solvent Gr Aimo (1833) employed a vessel of caoutchouc, 
with no better result The brothers 0. J. and T Knox (1836) 14 sagaciously tried to 
elude this difficulty by treating silver or mercury fluoride with chlorine m an appa- 
ratus made of fluorspar itsolf E. Er6my believed that the failure in this as well as 
in P. Louyot’s analogous attempt with fluorspar or cryolite vessels, m 184.6, was 
due to tho fact that the two fluorides do not decompose when moisture is rigorously 
excluded ; and, if moisture bo present, they form hydrofluoric acid. E. IMmy 
also did not succeed in decomposing calcium fluoride by means of oxygon, when 
heated to a high temp in a platinum tube E Pr6my electrolyzed fused fluorides 
— calcium, potassium, and other metal fluorides — m a platinum crucible with a 
platinum roil as anode. The platinum wire electrode was much corroded, and a 
gas was evolved which E, Frcmy believed to be fluorine because it decomposed 
water forming hydrofluoric acid, and displaced iodine from iodides He was able 
to decompose calcium fluoride at a high temp, by means of chlorine, and particularly 
when the fluoride is mixed with carbon. E Eremy, however, made no further 
progress m isolating tho elusive clement, although he did show how anhydrous 
hydrofluoric acid could be prepared. 

G. Gore 15 made some experiments on the electrolysis of silver fluoride and on the action 
of olilocmo or broimuo on silvor fluoride at 15 6° for 38 days, and at 110° tor 0 days, in 
vgsboIb of vtuious kinds — ■with voasols of oarbon, a volatile oarbon fluondo was formed 
H ICatntnurur 10 failod to prepare tho gas by tho action of iodine on silver fluondo m sealed 
glass tubos , accoichng to L Pfaundlor, the product of the action is a mixture oi silicon 
fluondo and oxygon. 0. Loew hoatod cenum tetrafluoiide, GoE 4 H a O, or the double salt, 
3KE 2GoL<\ 2 LI 3 0, and obtained a gas, which he considered to bo fluoimo, when the tetra- 
fluorido decomposed forming tho tvifluondo, CeP 3 B Braunor also obtained a gas resem- 
bling chi on uo by boating load tetrafluorido, or double am m onium load toLrafluondo, or 
potassium hydrogen lead fluondo, KgHPbE*. In the latter case a mixture of: potassium 
fluondo, TCP, and load difluorido, BbE a , remained. 0. Bull claims to have made a little 
fluorine by heating the compound HKPbF # . As K Moissan has said, it is possible that 
fluorine might be obtained by a chemical process m which a higher fluoride decomposes 
into a lower fluoride with tho liberation of fluorine — say, 2Geh\ = 2Cob\ -p F a O. Bull has 

failed to confirm B. Braunor’s observations with tho fluondoa in question With load 
tetrafluorido in a platinum vessel, load difluorido and platinum tetrafluorido are formed ; 
liquid or gaseous silicon tetrafluorido is practically without action on tho salt although a 
small quantity of a gas which acts on potassium iodide is formed without altering the 
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composition oi the gas Antimony pentafluonde acts similarly With sulphur and iodme 
the corresponding higher fluorides are formed. Other suggestions have also boon made 
to prepare fluorine by chemical processes — O T. Chnstensen 17 proposod heating tho higher 
double fluorides of manganese ; A C Oudemans, potassium fluoohromato , and 11. Moihwin, 
platinum fluophosphates About 1883, H B Dixon and H. B Bakoi made an attempt 
to displace fluorine by oxygen from uranium pontafluondo, UF B A. Baudnmont tried tho 
action of boron tnfluonde on lead oxide without success Abortive attempts have boon 
made by L Varenne, J. P Prat, P. Cilhs, and T. L Plupson 18 to prepare tho gin by wot 
piocesses analogous to those employed for chlonno by tho oxidation of noln. containing 
hydrofluoric acid. We now know that this is altogethoi a wrong lino of attack Some oi 
the dry processes indicated above may have iurmshod some iluonno ; for example, m 
H B Dixon and H B Baker’s experiment, siivoi foil in tho vicinity of tho uranium lluondo 
was spotted with white silvor fluorido; gold foil, with yellow auric fluoiido; and i>lutmmn 
foil, with chocolate platimo fluonde 

In 1834, M Faraday 39 thought that he had obtained fluorine “ in a separato 
state 99 by electrolyzing fused fluorides, but later, he added : 

I have not obtained fluorine ; my expectations, amounting to conviction, passed away 
one by one when subject to rigorous examination 

This was virtually the position of the fluorine question about 1883, when ILMoissan, tt() 
a pupil of E. Fremy, commenced systematic work on the subjoot, and tho reports of 
the various stages of his work have been collected in lus important monograph 
Le fiuor et ses corrvposes (Paris, 1900) He first tried (1) Tho decomposition of 
gaseous fluorides by sparking— e g. the fluorides of silicon, SiF 4 , phosphorus, BF e ; 
boron, BE a , and arsenic, AsF 8 . The silicon and boron fluorides aro stablo. Phos- 
phorus tnfluonde forms the pentafluonde The fluorine derived from phosphorus 
pentafluonde reacts with the material of which the vessel is made ; similarly with 
arsenic fluoride. (2) The action of platinum at a red heat on the fluorides of 
phosphorus and silicon Phosphorus pentafluonde furnishes somo fluorine which 
unites with the platinum of the apparatus used , phosphorus tnfluorido formed the 
pentafluonde and fluo-phosphides of platinum ; silicon totrafluonde gave no Bigns 
of free fluorine , H. Moissan came to the conclusion that no reaction carried out at 
a high temp was likely to be fruitful. (3) The electrolysis of arsenic trifluoride to 
which some potassium hydrogen fluonde was added to make tho liquid conducting ; 
any fluonde given off at the anode was absorbed by the electrolyte forming arsenic 
pentafluonde 

„ H Moissan then tried the electrolysis of highly punfiod anhydrous hydrofluoric 
acid, but he found, consonant vbth G Gore’s andM Faraday’s observations," 1 that 
anhydrous hydrofluoric acid is a non-conductor of electricity. If a small quantity 
of water be present, this alone is decomposed, and a large quantity of ozone is 
formed. As the water is broken up, the acid becomes less and loss conducting, and, 
when the whole has disappeared, the anhydrous acid no longer allows a current to 
pass He obtained an acid so free from water that “ a current of 3f> umpires 
furnished by fifty Bunsen cells was totally stopped.” The current passed readily 
when fragments of dry potassium hydrogen fluoride KF 1IF, wore dissolved in the 
acid, and a gaseous product was liberated at each electrode. Success ! The 
element fluonne was isolated by Henri Moissan on June 2<ith, 1880, during the 
electrolysis of a soln. of potassium fluorido in anhydrous hydrofluoric acid, in an 
apparatus made wholly of platinum. In this way, H. Moissan solved what 
^ wiTi °i? e ca ^ e( ^ onG mos t difficult problems in modern chemistry. 

While the new element possessed special properties which gavo it an individuality 
of its own, and a few surprises occurred during the study of some of its combinations ; 
ye the harmonious analogy between the members of the halogen family — fluorine* 
chlorine, bromine and iodine— was fully vindicated. With fluorine in the world 
of reality chemists were unanimous in placing the newly discovered element at the 

Ss£ sassr 1 in ** b “» » >“8 “-ip- 
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§ 3. The Preparation o! Fluorine 

When an electric current is passed through a oonc aq soln of hydrogen chloride, 
chlorine is hberated at the anode, and hydrogen at the cathode When aq hydro- 
fluoric acid is treated in the same way, water alone is decomposed, for oxygen is 
liberated at tho anode, and hydrogen at the oathode. The anhydrous acid does 
not conduct electricity, and it cannot therefore be eleotrolyzed. H. Moissan 
found that if potassium fluoride be dissolved in the liquid hydrogen fluoride, the 
soln. readily conducts electricity, and when electrolyzed, hydrogen is evolved at 
the cathode, and fluorine at the anode In the first approximation, it is supposed 
that the primary products of the eleotrolysis axe potassium at the anode, fluorine 
at the oathode : 2IOTFg==2HF+2K+F 2 The potassium reacts with the hydrogen 
fluoride reforming fluoride and liberating hydrogen : 2K.+2BDB 1 =2KF 

The reaction is probably more complex than this, and the platinum of the electrodes 
plays a part in the secondary reactions. Possibly the fluorine first forms platinum 
fluoride, PtF*, which produces a double compound with the potassium fluoride. 
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ThiB compound is considered to be tlie electrolyte which on decomposition forms 
the two gases and a double potassium platinum fluoride which is deposited as a 
black mud This hypothesis has been devised to explain why the initial stage oC 
the electrolysis is irregular and jerky, and only after the lapse of an hour, when the 
substances m soln are m sufficient quantities to make the passage of l lie current 
regular, is the evolution of fluorine regular 0 Buff 1 has shown that ammonium 
fluoride can be used in place of the potassium salt. 

H Moi&ban first conductod tho oloctrolyws m a u-i.nl >o made from mi alloy oi platinum 
and iridium which is less attacked by fluouno than platinum alone. Later experiments 



Fia 1. — Tube lor the Electro- JiTa. 2 — *Mowh£Iu’h Process for Ifluorino. 

lysis of Hydrofluoric Acid. 


showed that a tube of copper could be employed The copper in attacked by the fluorine, 
forming a surface crust of copper fluoride which protects tho tubo train further action 
Electrodes of platinum indium alloy wero iiBed at first, but lator-olectrodes of pure platmuru 
were used, even though they were rather more attaokod than tho alloy with 10 per cent., of 
indium The electrodes wero club-shapod at ono oml bo that they need not ho renewed ho 
often. The positive electrode was often complotoly corroded during an experiment, but 

tho Udubo scarcoly suflorod at all, A copper tubo ih 
illustrated in Fig. 1. Tho open oml h of the tube are 
closed with fluorspar Htoppors ground to tit tho tubes 
and boied with holos wlueh grip tho elec trod on. Tho 
joints aro made air-tight with load washers and 
shollao. Tho ll-iubo, during the electrolysis, ih 
surrounded with a glass cylinder, //, into winch 
liquid methyl clilorido in panned trom u steel eyhndei 
wfl tho tube A, Kig 2 Liquid meth\l ehlondo boils 
at —23°, and it oHoapoK thruugh an o\it tube. Tho 
fluorine is pansod till ough a spiral plat mum tube aim 
placodin a bath of evapmating liquid methyl chloride, 
C This cools tho spiral tubo down to about 50 
and condenses any gaseous hydiogen fluoride, which 
might escape with tho tluonne fimn the u tube. Tho 
electrolysis was earned out at a low temp, in order to 
prevent tho gaseous product being dfl with tho vapour 
of hydrogen fluoride, and also to dimmish (lit) dost ruts* 
tivo action of tho fluorine on tho apparatus In Iuh 
later work, ff. Moiwan cooled tho u-tubo used for 
the electrolysis by uhuir a hath of acetone with nohd 
carbon dtoxado m suspend on This cooled tho nppam- 
^Fluonno by the Electrolysis tus down to about — 80°. Tholemp of tho elect rolysm 
of Fused Alkali Hydrofluoride. vessel should not bo so low that tho pot ohm mu hyd rogon 

fluoride oiy&talUaoH out “ Honeo, (). UuiT 'and J>. 
Ipsen 2 preferred to cool the electrolysis vessel with a froozLpg mixturo of eiilcium chloiulc, 
and condensed the hydrogen fluonde vapours m a ooppor eondenHor Fig, t5, cooled with 
liqmd au The fluorine which loaves the condcnsoi 6’, travels through two small platinum 
tubes, D and E, containing lumps of sodium fluoride, which remove the leant I races of 
hydrogen fluonde by forming NaF.HF A glass cylinder is placed outside each of tho 
two cylinders containing methyl chloride. The outer cylinders contain a few lumps of 
calcium chloride, so as to dry the air in the vicinity of the cold jacket, and prevent the 
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deposition of frost on the cylinders With a current from 26 to 28 Bunsen cells m senes, 
and an apparatus containing from 90 to 100 grins of anhydrous hydrofluoric acid cont aining 
in soln 20 to 25 grins of potassium hydrogen fluonde, H Moissan obtained between two 
and three litres of fluonno por hour 

0 Poulenc and M Meslans 3 have devised a copper apparatus for the preparation of 
fluorine on a laTge scale , and likewise a portable laboratory apparatus, also of copper. 
They substitute a perforated copper diaphragm m place of the U-tube for keeping 
the two electrode products separate The platinum anode is hollow, and is cooled 
internally G Gallo did not get good results with this apparatus W.L Argo and 
co-workers prepared fluorine by the electrolysis of molten potassium hydrofluoride 
in an electrically heated copper vessel which served as cathode, the anode being 
made of graphite A copper diaphiagm with slots was used as illustrated in Eig. 3. 
The bubbles of hydrogen evolved during the electrolysis were deflected from the 
interior of the diaphragm by means of a false bottom The graphite anode was 
connected with a copper terminal and insulated by a packing of powdered fluorspar 
— cuiront, 10 amps , 15 volts , temp , 240°-250° , efficiency, 70 per cent These 
co-worlcors also recommend sodium hydrofluonde because it is non-deliquescent , 
decomposes below the fusion temp. , contains more available fluonne for a given 
weight ; and is loss expensive. 
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§ 4. The Properties of Fluorine 

Is fluorine an clement ? Since fluorine had never been previously isolated, it 
remained for II Moissan to prove that the gas he found to be liberated at the 
positive polo is really fluorine Many of its physical and chemical properties, as 
will be shown later, agree with those suggested by the analogy of the fluorides with 
the chlorides, bromide, and iodides. It was found impossible to account for its 
properties by assuming it to be some other gas mixed with nitric acid, chlorine, or 
ozone ; or that it is a hydrogen fluonde richer in fluorine than the normal hydrogen 
fluoride. 

To show (ho absence of hydrogen, H, Moissan allowed the gas to pass directly from the 
pcwLUvo polo through a tubo containing rod-hot iron; any hydrogen so formed was collooted 
m on atm. of carbon dioxide. Tlio lattor was romoved by absorption, m potassium hydroxide. 
In several experiments a small bubble of gas was obtained which wa b air, not hydrogen 
The mcroaso in weight of tho tubo containing the iron corresponded exactly with the fluonne 
oq. of tho hydrogen colloclod at the nogaLivo pole Tho vapours of hydrogen fluoride wore 
returned by a tube filled with dry potassium fluoride For example - In one experiment a 
platinum tubo containing iron jncioasod m weight 0*138 grm while 80 01 o c of hydrogen 
woro collected at tho nogativo oloetrodo, Tliis represents 0 00712 grm of hydrogen, and 
0*00712 X19--0 134 grm. of fluonno. This number is virtually the same as the weight of 
fluorine actually weighed. 

Fluorine at ordinary temp, as a greenish-yellow gas when viewed m layers a 
metro thick ; the colour is paler and more yellow than that of chlorine. The liquid 
gas ib canary-yellow ; the solid is pale yellow or white Moissan’s gas has an in- 
tensely irritating smell said to recall tho odour of hypochlorous acid or of nitrogen 
peroxide. Even a small trace of gas m tho atm acts quickly on the eyes and the 
mucous membranes ; and, in contact with tho slan, it causes severe burns, and 
rapidly destroys the tissues, If but a slight amount is present, its smell is not 
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unpleasant. The relative density 1 of the gas (air unity) determined by II. Moissan 
m 1889, by means of a platinum flask, was 1 2G , that calculated for a diatomic gun 
of at. wt 19 5 is 1 314, and B Brauner attributed the diflcreneo to the presence ot 
some atomic fluorine H Moissan’s later results (1901) rendered B Biuunor’s 
hypothesis unnecessary since a density of 1 31 was obtained. The gas employed 
previously is supposed to have been contaminated with a little hydiogon fluoride 
Most of the physical properties of fluorine at a low temp have been determined by 
H Moissan himself and m conjunction with J. Dewar 2 The ap gr ol liquid fluorine 
is 1 14 at —200°, and 1 108 at its b p —187°. The sp. vol of the liquid is 0 9025 , 
and the mol vol. 34*30. The capillary constant of the liquid is about nno-flixili of 
that of liquid oxygen, and seven- tenths of that of wator. The coefficient of ex- 
pansion 3 of the gas is 0 000304 The volume of tlio liquid changes one- fourteenth 
m cooling from '-187° to —210°. When the gas is cooled by rapidly boiling liquid 
air, it condenses to a clear yellow liquid which has the boiling point — 187" at 700 imu. 
press. , and the liquid forms a pale yellow solid when cooled by liquid hydrogen. 
The solid has the melting point — 233°. The solid loses its yellow tint and become# 
white when cooled down to — 252°. Chlorine, bromine, sulphur, etc., likewise lose 
tberr colour at low temp 

J H Gladstone’s 4 estimate for the atomic refraction of fluorine for the D-line 


is 0 53 , for the .A-lme 0 63 , and for the H - line 0*35 with the /r- formula, and 0*92 ami 
0 84 respectively with the ^-formula. E. Swaris estimated 0*94 //«, 1*015 I), and 
0*963 #7 with the /x 2 -formula for fluorine m sat organic compounds ; and fox 
unsaturated compounds with the ethylene linkage, II a , 0 588 , D, 0 GG5 ; // 7) OdiflH. 
The atomic dispersion is 0 022 with sat and 0 05 with the unsaturated compounds. 
J. H Gladstone also made several estimates of the index ot ro fraction of fluorine, 
and his 1870 estimate gave 1 4 (chlorine 9 9) , in 1885 he placed it at 1*0 , and in 
1891, he considered it to be “ extremely small, in fact, less than 1*0.” The difficulty 
is due to the fact that when the magnitude of a small constant is estimated by 
subtraction from two large numbers the probability of error is large A direct 
determination by C Cuthbertson and E. B. R Pndoaux gave for the index ot 
refraction of fluorine for sodium light, /x= 1*000195, which makes the rofractivity 
(/*— 1) x 100 to be 195. The emission spectrum of fluorine has been investigated by 
H. Moissan and G. Salet B The last named, in 1873, compared the spectra of silicon 
chloride and fluoride, and inferred that five lines m the spectrum of silicou fluoride 
must be attributed to the fluorine H Moissan’s measurements, in 1889, measured 
13 lines in the red part of the spectrum. The linos of wave-length G77, (540 fl, 034 , 
and 623 are strong ; the lines 714, 704, 691, 687 5, 685 5, 083 5 arc faint , and 749, 
74C, and 734 are very faint. Liquid fluorine has no absorption spectrum when in 
layers 1 cm. thick. 


According to P. Pascal, 6 fluorine is diamagnetic ; the spociflc magnetic suscepti- 
bility i& -~S 447 xlO-? ; and the atomic susceptibility calculated from the additive 
law of mixtures for organic compounds is — GSxlO’" 1 . Tome fluorine is univalent 
and negative. The decomposition voltage required to separate this element from 
its compounds is 1 75 volts 7 The ionic velocity (transport number) Q of fluorine 
ions at 18° is 46 6, and 52 5 at 25° with a temp cooJT, of 0*0238. 

Fluorine possesses special characters winch place it at the head of the halogen 
family It forms certain combinations and enters into some reactions in a way 
which would not be expected if the properties of the element wore })rcdicled solely 
by analogy _with the other members oi the halogen family. Prom this point of 
view, said H Moissan, V etude des composes jluores reserve encore him dvs surprises , 
Fluorine is the most chemically aotive element known. It combines additive! v 
with most of the elements, and it usually behaves like a univalent element although 
it is very prone to form double or complex compounds in which it probably oxorts u 
higher valency. It also acts aean oxidizing agent In the electrolysis of manganese 
and chromium salts a higheT yield of chromic acid or manganic acid is obtained in 
the presence of hydrofluoric acid than in the presence of sulphuric acid. 0 Fluorine 
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unites explosively with hydrogen in the dark with the production of a flame'with a ^ 
red border, and H Moissan showed this by inverting a ]ar of hydrogen overJHft^ 
fluonne dehvery tube of his apparatus. The product of the action is hydrogen* 
fluoride which rapidly attacks the glass vessel when moisture is present, but not if 
the two gaseB are dry Fluorine retains its great avidity for hydrogen even at 
temp as low as — 252*5° when the fluorine is solid, and the hydrogen is liquid 
H. Moissan and J. Dewar m broke a tube of solid fluorine in liquid hydrogen A 
violent explosion occurred which shattered to powder the glass apparatus in which 
the experiment was performed. It is rather unusual for the chemical activity of 
an element to persist at such a low temp. The affinity of fluorine for hydrogen is 
so great that it vigorously attacks organic substances, particularly those rich m 
hydrogen The reaction is usually accompanied by the evolution of heat and light, 
and the total destruction of the compound The products of the reaction are 
hydrogen fluoride, carbon, and carbon fluorides. The avidity of fluorine foT hydrogen 
persists at very low temp , for turpentine and anthracene may explode in contact 
with fluorine at —210°. Even water is vigorously attacked by fluorine If a small 
quantity of water is introduced into a tube containing fluonne, it is decomposed, 
forming hydrogen fluoride and ozone ; the latter imparts an indigo-blue tinge to the 
gases m the jar. By measuring the volume of oxygon liberated when fluorine 
reacts with water, and measuring the exact quantity of hydrofluoric acid formed, 
H Moissan showed that equal volumes of hydrogen and fluonne form hydrogen 
fluoride. If the reaction between fluorine and water be symbolized, H 2 0+F 2 
=2irF+0, it follows that lor every volume of hydrogen collected at the negative 
polo, half a volume of oxygen should be obtained In one experiment H Moissan 
collected 20*10 c,c of oxygen, 52 80 c.c, of hydrogen In another experiment he 
obtained G’4 c.c of oxygen per 12 5 c.c of hydrogen and eq of 24 9 c c of hydrogen 
fluoride. Liquid fluorine does not react with water At —200°, liquid fluorine 
can bo volatilized from the surface of ice without reaction 

Neither oxygen nor ozone appears to react with fluorine, and no oxygen compound 
of fluorine has yet been prepared. According to H Moissan, 11 an unstable inter- 
mediate compound of ozone and fluorine is possibly formed when water acts on 
fluorine to form ozonized oxygon because the ozone smell does not appear until 
some time after the fluorine has been passed into the water O Ruff and J Zedner 
have tried the effect of heating oxygen and fluorine in the electric arc, but obtained 
no signs of the formation of a compound of fluorine with oxygen or ozone, for when 
the gaseous product is passed over calcium chloride (which fixes the fluonne) a 
mixture is obtained quite free from fluorine G Gallo obtained signs of a very 
unstable compound of ozone and fluorine which is explosive at —23° Liquid 
oxygon dissolves fluorine, and if the temp, rises gradually, the first fraction which 
volatilizes is almost pure oxygen ; the last fraction contains most of the fluonne 
If liquid air, which has stood by itsolf for some time, be treated with fluorine, a 
precipitate is formed which is very liable to explode. H. MoiBsan thinks it is 
probably Jluonne hydrate . 1S 

Solid sulphur, selenium, and tellurium inflame in fluonne gas at ordinary temp. ; 
sulphur bums to the hexafluoride, SF 6 The reactivity of sulphur or selenium 
with fluorino persists at —187°, hut tellurium is without action at this temp 
Hydrogen sulphide and sulphur dioxide also burn in the gas— the former produces 
hydrogen fluoride and sulphur fluoride Each bubble of sulphur dioxide led into 
a jar of fluorino produces an explosion and thionyl fluonde, SOF 2 > 10 formed ; but 
if the fluorino be led into the sulphur dioxide, there is no action until the sulphur 
dioxide has reached a certain partial pressure when all explodes If the fluorine 
bo led into an atm. of sulphur dioxide at the temp of the reaction, suJphuryl fluonde, 
SO2V21 18 formed quietly without violence. Sulphuric acid is scarcely affected by 
fluorine. 

Fluorine does not unite with chlorine at ordinary temp, O Ruff and J . Zedner 
also obtained no result by heating fluorine and chlorine at the temp of the electric 
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arc. Liquid chlonne dissolves fluorine, but the dissolved gas escapes as the chlorine 
■freezes It is inferred that the gases do not react at the low temp. — 80° when (hum no 
is dissolved m liquid chlorine because ( 1 ) the gases evolved when tho soln w fraction- 
ally distilled showed no signs of an abrupt change m composition between 1>7 ,‘12 
per cent of fluorine at the beginning and 0 63 peT cent at tho end of tho operation , 
(n) on oooling a soln of fluorine m liquid chlorine, there is a tumultuous evolution 
of gas when the mixture freezes — the solid is chlorine, the gas fluorine. Bromine 
unites with fluorine at ordinary temp, with a luminous flame forming bromine 
trifluoride, BrE s Similar remarks apply to iodine, where tho pcutalluoiido, I 
is formed. The heat of the former reaction is small, the latter great* Liquid 
fluorine, however, does not react with or dissolve bromine or iodine at — 187°, nor 
does it liberate iodine from potassium iodide In the presence of water, chlorine 
reacts with fluorine forming hypochlorous acid , and bromine, hypobromous acid ; 
some chloric or bromic acid may also be formed, and part of the water is also decom- 
posed by the excess of fluorine If fluorine be passed into a HO per cent., soln. of 
hydrofluoric aoid, there is an energetic reaction accompanied by a flame in tho 
midst of the liquid The reaction of fluorine with gaseous or aq. soln. of hydrogen 
chloride, bromide, or iodide, is accompanied by flame. Most of tho haloids of the 
metalloids are attacked with great energy by fluorino at ordinary temp. 

Pluonne does not unite with argon even if a mixture of tho two gases bo heated, 
or sparked. Neither nitrogen or nitrous oxide, Not), nor nitrogen peroxide, NOo, 
is attacked by fluorine at ordinary temp. 0 Rull and J. Zednor also found no 
reaction occurred at the temp, of the eloctxio arc between fluorine and nitrogen. 
Even at a dull red heat nitrous oxide remains unattached by fluorine, hut by 
sparking a mixture of fluorine and nitrous oxide, a mixture of nitrous oxide, nitrogen, 
and oxygen is formed, but no nitrogen oxyfluoride. la A little nitric oxide, NO, 
unites with fluorine at ordinary temp ; tho reaction is attended by a pain yellow 
flame, and a volatile oxyfluonde is formed, but if tlio nitric oxide be in largo 
excess, it is simply broken down into nitrogen and oxygen, and tho oxom of nitric 
oxide forms nitrogen peroxide. According to H. Moissan and 1\ Lobcau, if tho 
fluorine be in excess, at the temp of liquid oxygon, a white solid is formed which, 
as the temp rises, changes into a colourless liquid, boiling above 80°, and 
which furnishes on fractionation mtroxyl or mtryl fluoride, N() 2 F. Fluorine 
decomposes ammonia with inflammation ; and a mixture of the two gases explodes. 
Phosphorus inflames in fluorine gas forming the pontafluoride, VY& if tho fluorine 
be in excess ; and the trifluorido, PF 8 , if the phosphoius bo m excess. Arsenic 
forms the tnfluonde, AsF 3 , with inflammation. Similarly with antimony ; but 
bismuth is only superficially attacked. JBotk phosphorus and arsenic, react with 
incandescence with liquid fluorine, but antimony remains unaltered. Phosphorus 
pentoxide, P 29 fi> decomposed at a red heat forming tho fluoride and oxyfluorido ; 
phosphorus tri- and penta-chloride are attacked with tho production of flame ; 
neither phosphorus pontafluoride nor phosphorus oxyfluoride is attacked. Arsenic 
trioxide and arsenic trichloride are attacked. Arsenic tnfluoride, Asl<a, absorbs 
fluorine, and the heat generated during the absorption led H. Moissan to suggest 
that some unstable atsenic pentafluoride is formed 

Both boron and silicon unite with fluorine gas energetically and witli incandes- 
cence, forming in the one case boron trifluoride, BF 3 , andm tho other, silicon totra- 
fluoride, SlEV Boric oxide and silica react energetically in the cold. Boron 
trichloride, BCI 8 , at ordinary temp., and silicon tetrachloride, flidl* above 40°, 
both react with fluonne s Dry fluorine does not attack glass, for If. Moissan kept 
chy fluorine in glass vessels for two hours at 100°, without appreciable attack. 
Hydrogen fluoride behaves similarly. The slightest trace of moisture is sufficient 
to activate either gas. Dry lampblack becomes incandescent in fluorino ; wood 
charcoal fires spontaneously , the vigour of the reaction is reduced at low temp,, 
for boron, silicon, and carbon are not attacked by liquid fluorine. If powdered 
charcoal or soot be allowed to fall into a vessel containing liquid fluorino, the particles 
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become incandescent as Ihey drop through, the vapour, but the glow is quenched 
when the particles reach the liquid. The denser forms of carbon require a temp, of 
50° to 100° before they become incandescent , Tetort carbon requires a red heat , 
and the diamond is not aSectcd at that temp Soft charcoal is quickly ignited in 
contact with the gas The product of the reaction is usually a mixture of diff erent 
carbon fluorides, but if the temp of the reaction be kept low, carbon tetrafluonde 
alone is formed H Moissan 14 also found that fluorine acts on calcium carbide at 
ordinary temp, giving calcium fluoride and carbon tetrafluonde Carbon monoxide 
and dioxide are not attacked m the cold , carbon disulphides. CS 2 , infl ames forming 
carbon and sulphuT fluorides , carbon tetrachloride, CC1 4 , reacts at temp exceeding 
30° forming chlorine and carbon tetrafluonde , cyanogen is decomposed at ordinary 
temp with the production of a white flame According to W. L Argo and co- 
workers, tho unlighted gas issuing from a Bunsen’s burner is imm ediately ignited 
by fluorine According to B JB.unu.ston, acetone m an open vessel takes fire , 
chloroform forms chlorine, phosgene, and carbon fluorides. With phosgene, a 
compound which appears to be carbonyl fluonde C0F 2 , was formed The action 
of fluorine on ethylene tetrachloride, C 2 C1 4 , is symbolized . C2Cl 4 +2F 2 ==CoF 4 +2Cl 2 , 
followed by Clo+C 2 Cl 4 ==C 2 Cle, and C 2 F 4 =CT 4 +0 

The metals are in general attacked by fluorine at ordinary temp ; many of them 
become coated with a layor of fluonde which protects them from further action 
These remarks apply to the metals . aluminium, bismuth, chromium, copper, gold, 
iridium, iron, manganese, palladium, platinum, ruthenium, silver, tm, zinc. The 
formation of a protective skm of fluoride renders it possible to prepare fluorine in 
copper and platinum vessels at ordinary temp Lead is slowly converted into the 
white iluontio at ordinary temp. If the temp be raised, nearly all the metals are 
vigorously attacked with incandescence — for example, with tm and zinc, the 
ignition temp is about 100°, and iron and silver, at about 500° Gold and platinum 
arc Blowly cojwcrtod into their fluorides at about 500° or 600°. The metals of the 
alkalies and alkaline earths, thallium, and magnesium are converted with incandes- 
cence into their fluorides Many of tho metals which in bulk are only attacked 
slowly, are rapidly converted into fluorides if they are in a finely divided condition. 
Thus fluorine forms a volatile fluoride with powdered molybdenum in the cold, 
but a lump of the metal is not attacked , tungsten is attacked at ordinary temp., 
and also forms a volatile fluonde , electrolytic uranium, m fine powder, is vigorously 
attacked and burns, forming a green volatile hexafluoride If niobium (columbium) 
or tantalum bo warmed, the pontafluoridcs axe formed. Liqmd fluonne has no 
action on mauy of the metals — eg iron If mercury b3 quite still, a protecting 
layer of fluoride is formed, but if the metal be agitated with the gas, it is rapidly 
converted into the fluoride 

Tho chlorides, bromides, iodides, and cyanides are gonerally vigorously attacked 
by fluorine in the cold ; sulphides, nitrides, and phosphides axe attacked in the cold 
or may bo when warmed a little ; the oxides of tho alkalies and alkaline earths are 
vigorously attacked with incandescence ; the other oxides usually require to be 
warmed. The sulphates usually require warming ; the nitrates generally resist 
attack even when warmed. Tho phosphates are more easily attacked than the 
Hulphatcs. Tho carbonates of Bodium, lithium, caloium, and load axe decomposed 
at ordinary temp with incandescence, but potassium carbonate is not decomposed 
oven at a dull red heat. Fluorine docs not act on sodium borate. Most of these 
reactions liavo been qualitatively studied by H. Moissan, 3 5 and described m his 
monograph, IjC fluor et ses oomyoses (Pans, 1900). 

Atomic andL molecular weight of fluorine. — The combining weight of fluorine 
has been established by converting calcium fluoride, potassium fluoride, sodium 
fluoride, etc., into tho corresponding sulphates. In illustration, J B A Dumas 
(1860) found that one gram of pure potassium fluonde furnishes 1-4.991 gram of 
potassium sulphate. Given tho combining weights of potassium 39*1, sulphur 
’32-07, oxygen 16, it follows that if x denotes the combining weight of fluonne with 
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391 grams of potassium, 1 : 1*4991==2KF * K 2 S04=^(39 l-b&) : 174*27 ; or, 
x=19 

H Davy 16 made the first attempt m this direction in 1814 by converting Iluorspar 
into the corresponding sulphate His result corresponds with an at \vt. 18 81. 
J. J. Berzelius (1826) also employed a similar process and obtained first the value 
19 16 and later 18 85. P. Louyet, m 1849, employed the same process, taking care 
that the particles of fluorspar did not escape the action of the sulphuric acid by the 
formation of a protective coatmg of sulphate P. Louyet obtained 18’ DU with 
native fluorspar, and 19 03 with an artificial calcium fluoride Inl860, J.B.A Dumas 
obtained the value 18 95 with calcium fluoride ; S de Luca (I860), 18 1)7 ; II. Moishuji 
( 1890), 19*011. P. Louyet, J B A Dumas, and H Moissan also converted sodium 
fluoride into sodium sulphate and obtained respectively the values 19 0(1, 19*08, 
and 19 07. P Louyet and H. Moissan in addition converted barium fluoiidi 1 into 
the sulphate and obtained respectively 19 01 and 19 02 , and J*. Louyd/s value, 
19 14, was obtamed with lead fluoride. O T Christenson (1880) treated ammonium 
manganese fluoride, (NH0 2 MnF 6 , with a mixture of pot-ussrum indido and hydro- 
chloric acid — one mol of the salt gives a gram-atom of iodine. Tins liberated iodine 
was titrated with sodium thiosulphate The value 19*038 was obtained. J Moyer 
(1903) converted calcium oxide into fluoride and obtained 19 035. 1). J MoAcfum 
and E F Smith (1912) obtained 19 015 by transforming sodium fluoride into the 
chloride E P Smith and W K van Haagcn obtained 19 005 by converting 
anhydrous borax into sodium fluoride E, Moles and T Batuccas mtinmted the 
at wt of fluorine from the density of methyl fluoride, and found I8*99«S±0‘005 
when the at wt of carbon is 12 000, and of hydrogen, 1*0077. Tim best 
determinations range between 18*97 and 19 14, and the best representative value 
of the oombimng weight of fluorine is taken to bo 19. No known volatile com- 
pound of fluorine contains less than 19 parts of fluorine per molecule, and 
accordingly tbs same number is taken to represent the at, wt. The vapour 
density of fluorine, determined by H. Moissan, is 1*31 (air=l), that is, 28*755 
Xl 31—37 7(Ho=2) The molecule of fluorine is therefore represented by Fo. 

Fluorine is assumed to be univalent since it forms fluorides like KF, NaF, etc. 
with univalent elements and radicles ; GaF 2 , BaF 2 , etc , with bivalent radicles, etc. 
As indicated in connection with hydrogen fluoride, etc , there is, however, the great 
probability that fluorine also exhibits a higher valency m the more complex com- 
pounds like KF HF, A1F 3 3NaF, etc.* 7 This also agrees with J . Thomsen’s observa- 
tions on the heat of the reaction between the acid and silica. 
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§ 5. The Occurrence of Chlorine, Bromine, and Iodine 

Chlorine. — Gkloime does not occur free in nature, but hydrogen chloride has been 
reported in the fumes from the fumeioles of volcanic districts, 1 Vesuvius, Hecla, 
etc D Franco reported that the gases given off by the flowing lava of Vesuvius, 
during solidification, contained much hydrogen chloride, and the same gaB has been 
found as an inclusion m minerals. Hydrogen chloride is also found in the springs 
and rivers of volcanic districts — c g the Devil’B Inkpot (Yellowstone National Park), 
Paramo de Ruiz (Colombia), Brook Snngi Pait (Java), the Rio Vmagxe (Mexico), 
eto The latter is said to contain 0*091 per cent of free hydrochloric acid whioh 
is estimated to be eq to 42,150 kgxms of HC1 per diem 2 J. B J D. Bonssingault 
supposes this acid to be derived from the decomposition of sodium chloride by steam. 

Combined ehiorme is an essontial constituent of many minerals — there are sal ammoniac 
(ammonium chloride) j sylmne (potassium ohlondo) , halite (sodium chloride) , chlorocaUnte , 
CaCl a ; cerargynte or horn silver, AgCl , calomel, HgCl , terlmguaite , Hg a OCl ; eglestonite, 
Hg 4 Cl a O ; molysvte, FeCl a ; erythrostdente, 2KC1 FeCl 3 H a O , nnneite , 3KCl.NaOLFeCl s ; 
kremer&ite, 2K01,2NH 4 C1 2FoCl a 3H a O , lemrencite, FeCl a , douglasvte, 2KCl.FeCl a .2H a O ; 
sccBchtte, MnCl a ; cotunmte , PbCl a , matlochUe, PbCl a PbO , p&nfleldUe , 2PbCl a PbO ; 
mcndipvte, PbCl a 2PbO ; launomte, PbCl a Pb(OH) a , ficdlente, 2PbCl fl Pb(OH) a ; rafaehte 
or paialau) ionite, PbCl(OH) ; nantokite, Cud , mdanothaUite , Cu01 a CuO.H a O , hydro- 
melanothallilo , CuCl 2 CuO 2H 2 0 j aiacamite , Cu a CJl(OH) a , percyhte r PbCuCl(OH) a , boleite , 
3PbCuCl a (OH) a AgCl , foolcde, CuCl a .8Cu(OH) s 4H S 0 ; talhnyite, CuCl B 4Cu(OH) a .4H a O ; 
atclitc , CuCl a 2Cu(OH) 9 JHLO cwnicngcilc, 4PbCl a .4GuO 5H a O , pseudobohte, 5PbCl a 4CuO. 
4>U a O j phosgentte, PboCl 2 CO a ; daubieilc, BiGlj.2Bi a Oi 3JEE a O ; and m some Stassfurfc 
mmorals, camallile , HOI MgCl 2 0H B 0 , btschoJUe, MgCl a 6H a O ; taohhydnte, CaCl a 2MgCl a . 
12U a O; borarite , MgCl a 2Mg a B a O ia , eto Chlorine also occurs m mineral phosphates — 
eg, it partially roplacos fluorine m the chloioapaiitas — pyromoi phite, (PbCl)Pb 4 (P0 4 ) a ; 
mnnctite, (PbCl)l > b A (AsO (1 ) a , and vanadimtc , (PbCl)Pb 4 (V0 4 ) s . It ocours in pyrosmahte, 
H c (Fo,Mn) 1 Si 1 0 18 (Jl ; sodahle , F^AljSisO^Cl, and other silicate minerals 

Chlorides ooour in sea, river, and spring water, and small quantities in rain water. 
The ashes of plants and animals contain some chlorides The gastric j uices of animals 
contain chlorides as well as free hydrochloric acid The 0 2 to 0 4 per cent of free 
hydrochloric acid in the gastric ]uices of man is thought to play an important rdle 
in the digestion of food, 3 Sodium chloride occuis m blood and in nrme ; flesh 
contains potassium chlonde ; while milk contains both ^>f the alkaline chlorides, 
with potassium chloride in large excess According to R. Wanaoh, 4 blood contains 
0 259 per cent, of chlorine, and serum, 0 353 per cent. ; and according to 
A J. Carlson, J. R Greer, and A. B Luckhardt, there is still more chlorine m lymph 
T, Gassmann found human teeth to contain 0 25 to 0 41 per cent of combined 
chlorine, and tho tooth of animals rather less 

Bromine. — J. II. L. Vogt 6 estimates that bromine oooupies about the 25th 
place in the list of elements arrangod in the relative order of their abundance , and 
that the total orust of the earth has about 0 001 per cent of bromine — the solid 
portion 0 00001 per cent. The ratio of bromine to chlorine ib about the same in 
sea water and in the solid crust, and amounts to 1 . 150 The ratio of chlorides to 
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bromides in marine waters of the globe is almost mislaid, excepting land locked 
seas like tlie Black and Baltic Seas It has been estimated Unit then me about 
120000,000000 tons of bromides present m all the marine waters of our globe. The 
salt lake south of Gabes in Turns has been worked sinee 101f> for Immune and 
potash. 

Thereisnoiecord of the occurrence of free bromine in nature, but It. Y. Mat 1 cum 0 
has reported the presence of hydrogen bromide in the fumcrnlcs about \ emi\iuH. 
Bromine usually occurs as an alkali biomido or as silver bromide with mwe or less 
silver chloride and silver iodide Thus, the Chilean mineral b)umarggnU\ tumnyritv. 
or broomte approximates to AgBr , chlorobromosilvcr or vwlmlilv, Ag(GI,Bv) ; and 
lodobromite , or lodoeiribolvtc, Ag(Cl,Br,l) Small quantities of these muiciuls oeeur 
in other places Bromine has been reported in rock salt, luccrscliii urn, am I in Ktenrh 
phosphorites by 1? Kuhlmann , 7 in Silesian sunc ores by (\ b\ Menisci and M < Wider; 
m Chih saltpetre by H Orunoberg ; m coal by A Duflos ; and in ammonia water and 
artificial sal ammoniac, by 0 Mene and others. The Bliissfurt, Halts contain bromides, 
indeed, these salts are the chief source of commercial bromine* Perhaps two 
thirds of the world’s annual consumption of bromine (UfiC )0,CW M > kilns) was obtained 
m Germany from these deposits According to 11. K. Bocke, l bromine in the 
Stassfurb deposits is there m the form of a br<mo-nun<tlliU\ Mg lift*. K Mr Jill. .0, in 
isomorphous mixtuio with carnallite Mg01*> KCMUluO. L W. Winkler reported 
that the potash liquors of sp. gr. 1*3, from St-assfurt., Moc.klenberg. and Jlninleite 
respectively, have 7 492, 5 398, and 3*691 grins, per litie. Bischufile and (acbliyilrite 
from Yienenburg are tho ricliost m bxommo and contain respectively 0Mb7 and 
0 438 per cent. ; caxnalhtc has 0 143 to (HSO per cent. ; syhinc, 0*117 to 0*300 
per cent , sylvunte, 0*085 to 0‘331 per cent.; Ilurtsul/., 0 027 per tent.; and 
la-ngbemite, 0 01G per cent. Tho presence of bromides has been det eel od \\\ numerous 
mineral and spring waters There is a long list of reported occurrences ot bromine 
m mineral waters in different parts of tho world arranged alphubctinillv in L timelm 
and K Kraut’s Handbuch der anmganMien Clwmw (Heidelberg. 1. ii. 218, HH HI). 
The waters of Andcrton (Cheshire), Cheltenham (Gloucester), Harrogate (Yorkshire)* 
Marston, Wheelock, and Wmsford (Cheshire) are in the list for Knglaud. Home of 
the brine springs — eg the Congress and Excelsior BpringH of Bandogs, N.Y.; 
Natrona (Wyoming), Tarentum (Pennsylvania); Mason City, hirkcrsville, etc, 
(West Yirgima) ; Michigan, Pittsburg, Syracuse, Pomeroy, etc! (t)ldo) contain ho 
large an amount of bromine that in importance they are second only to t he Htussfutl 
deposits as sources of commercial supply , and they have pluj ed iui impoilnut part 
in keeping down the price, and preventing tho, Htussfurt syndicate monopolising t he 
world’s markets The mineral waters of Ohio are said to contain the eq, of from 
3 4 to 3*9 per cent of magnesium bromide, Bromine is present in sea water The 
mixture of salts loft on evaporation of the waters of the Atlantic Ocean contains 
from 0 13 to 0 19 per cent of bromine -presumably as magnesium bromide ; the 
Red Sea, 0 13 to 0 18 ; the Caspian Sea, 0*0H ; and' the. Dead Hcu, lT>o to 2*72 per 
cent of bromine 9 

E Marchand 10 has reported the presence of traces of bromine in ruin and snow. 
The ashes of many sea weeds and sea animals contain bromine- thus, dried Furwt 
vesivulo&us contains 0*6^2 per cent of bromine. 1 * Bromine has been reported in 
human urine, salt herrings, sponges, and cod liver oil , blit not in bone ash. Indeed, 
all products directly ot indirectly derived from sea-salt or from Btassfurt deposits- 
in the pxesont ot m the past— contain bromino. It is also said to lie an essential 
constituent of the dyo Tynan purple which was once largely obtained from h species 
of marine gastropod or mollusc 

. Iodine.— Iodine is perhaps tho least abundant of the halogens. Alt hough 
widely distributed, it always occurs in small quantities. J . II. h, Vogt *a estimates 
there is about 0*0001 per cent, of iodine in the earth’s crust— the solid matter 
containing about 0 00001 per cent ; and the sea, 0*001 por cent. A, Gautiers 
estimate of the iodine in the sea is about one-fifth of this. Iodine occupies the 
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28th place in the list of elements arranged in their relative order of abundance, so 
that iodine has exercised no essential chemical ox geological influence on the earth’s 
surface The sea appeals to be the great reservoir of iodine The ratio of bromine 
to iodine* in sea water and m the solid ciust is approximately the same, viz. from 
1 . 10 to l . 12 ; and, iu sea water, the ratio of chlorine to iodine is as 1:0 00012. 

L. W Winkler reported 17 mgrma of iodine (as iodide) per litre of a natural 
salino water from Mecklenburg, that is, about 340 tunes as much as in sea water ; a 
Byhinito mother-liquor from Alsace contained 0*5 mgrm of iodine per litre 

Iodine does not occur free in nature, although, according to J. A Wanklyn, 18 
the waters of Woodliall Spa (Lincoln) are coloured blown by this element. 

]{,. V. Matteuooi reported the occurrence of hydrogen iodide m the emanations of 
Vesuvius, ami A. Gautier found iodine in the gases disengaged from cooling lava, 
lodmo occurs along with bromine in lodohomUc , Ag(Cl, Br, I); in iodywte> Agl ; ( 
m arshiu\ Gul ; vmnmtc, JIgljj ; and m schwari zembergttc , Pb(I, Cl) 2 .2PbO Ac- > 
cording to A. Guyard, 14 the iodine —up to about 0'175 per cent, in Chile saltpetre — 
i$ present an sodium iodato, NaI0 3 , and periodate, NalO* , H Gruneberg considers 
a double iodide of sodium and magnesium is also present Potash saltpetre also 
has boon reported to contain potassium iodate, KIQ 3 , the cahohe from which Chile 
Balfcpctroufl extracted forms one of tho moat important sources of iodine , it contains 
about 0*2 pur cent, of iodine, probably as sodium iodato. Iodine has also been 
reported in the lead ores of Oatoroe (Mexico) , 16 m malachite — 0 08 to 0 40 per cent. 
(W. Autenrieth) ; Silesian zme ores (0. E, Montzel and M. Cochlex ) ; the clay 
Hhalew of Lai orp in Sweden M. G. Oantelo) , the lmicstonos of Lyon and Montpellier 
(Cl. Lombcrt) ; the bituminous shales of Wurtomborg (G C.L Sigwart), the dolomites 
of Saxony (L. It. IUvier von Eallonborg) ; rock Balt (0. Henry) ; the phosphorites 
of Franco (V. Kuhlnmnn) ; tho phosphates of Quorcy (H Lasne) ; granites 
(A. Gautier) ; Norwegian apatite (A. Gautior) ; coal, and ammonium salts derived 
from coal (A. Dufies) ; guano of Curasao (H, Steffens) , and the Stassfurt Balt 
deposits (A. Prank) although E, Rinno and E, Erdmann failed to confirm 
A. Krirnk's mmltrt. Tho presence of iodides has also been recorded in a number of 
spring waters, urines, etc In Groat Britain it occurs in the waters of Leamington 
(Warwickshire), Hath (Somerset), Cheltenham (Gloucester), Harrogate (Yorkshire), 
Woodliall Spa (Lincoln), Bennington (near Loitli), Shotley Bridge (Drnrham), eto. 
Iodine occurs in Hiuftll quantities in sea wator ; E. Sonstadt 17 estimated that there 
is about one part of calcium iodato per 250,000 parts of sea water ; but according to 
A. Gautier, tho iodine in tho surface water of the Mediterranean Sea ib found only 
in tho organic matter which can bo separated from the water itself by filtration; 
but at depths below BOO metres, ho found iodine to bo m water itself as soluble 
iodides. According to A* Gautier, also, the waters of tho Atlantic contain 2 240 
mgrms. per litre; and according to L. W. Winkler, tho waters of the Adnatic S a, 
0*038 mgrm. per litre, A. Goebel reported O'] 1 per cent, of iodine in the salts from 
Red Lake (IhUop, Crimea) ; and 1L Erosenius 0-0000247 per ^nt m the waters 
of the Head Sea. Tho amount is so small that analysts have usually ignored the 
iodine, or reported more traces, Similar remarks apply to tho bxmes from 

waters of closed basins, n 

Iodine lias been reported in rain and snow, 18 and A. Chatm found iodine uni- 
versally present in small quantities in tho atm,, rain water, and ^mnmng s re , 
A Gautier reported in 1889 that tho ait of Paris contained leas than £ W2 
of free iodine or an iodino compound in about 4000 litres ; but , 

Paris contained Q-0013 mgrm. in a form insoluble m water, generally the spores ot 
aluio mosses, liohons, oto., suspended in the air. A. Gautier also found sea a 
contabrOOltl? mgrm. of iodino per 100 litres. Tho amount of iodine mmountam 
air and tho air of forests is loss than in other parts. The iodine in the . 
supposed to bo of marine origin. The presence of iodine as a normal c ?^^ e * 
of the atm. has been denied, « but A. Chatm's conclusions were con^ed by 
J. A. Barrel, A. A. 1). Bussy, and A. Gautier. Marine animals and plants assimilate 

von. xr. 
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iodine from sea water ; most oi the iodine can be extracted by water from the asli 
of these organisms. It appears strange that the xnaime algio should select iodine 
from sea water and practically leave the bromine which is present in much larger 
proportions The pelagic seaweeds (algeo) in favourable localities cover the ocean 
about the 10-fathoms line with dense fields of floating loliago ; the littoral seaweeds 
grow nearer shore at about the limit of extreme low tide. The deep-sea tilgm 
usually have a greater proportion of iodine than those wluoU grow m shallow water. 
According to E C. C Stanford, 20 the percentage amounts of iodine in a few dried 
plants are as follows : 


Littoral (Shore) Seaweeds 


Fuous ffliTBp .... 0*089 

Fucrua digitatus . . ,0 136 

Fuous nodosus . • . . 0 057 

Fuous serratus . . . . 0 086 

Fueus vesioulosus . • . 0*001 

Ulva umbihcalifl . . .0 059 


Pelaqiu (Di&hv-hha) Hkawjwooh 


NoreocyaUs lcnit-keaivu 
MaciocysUs pyrifuia 
Pola^ophyoim porra . 
Laminaria digilialn . 
Laminaria BlenophyUa 
Laminaria fmeehunna 


0 521 
0*205 
o-ati 

0*374 

0--17H 

0*255 


A M. Ossendowsky studied the alga? employod in northern Japan for making iodine. 
According to J. Pellieux, seaweed grown in wmtor usually curries more iodine 
than that grown m summer , that grown in the north more than that grown in the 
south ; and the younger parts of the alga) moro than in the older parts. Iodine has 
not been found m the gelatinous varieties of marine algm —c.g. the ofiondrus ms putt 
or Irish moss, and the cucheuma spmosum or agar-agar ; nor lias it been found m 
the enteromorpha aompressa , or common sea-grass. 8omo plants which grow near 
the sea — e g the salsola hah, or salt-wort of salt-marshes, from which htn ilia is 
made 21 — are almost free from iodine Smallor amounts of iodine have boon found 
in fresh-water plants than m land plants, and smallor proportions of potash are 
found in them also Of thirty-five phanerogams E, Wmtnrstoin fuunri iodine in 
beetroot, potatoes, celery, lettuce and carrots, and none in nniH brooms or yellow 
boletuB According to A. Gautier, 22 iodine must be a oonatitiicmt of the chloro- 
phyll or reserve protoplasm of plants because plants containing chlorophyll contain 
more than the algra and fungi which aro free from chlorophyll. Iodine is found 
in tobacco (A. Gautier), and in beetroot (M. J Poxsonno), and the potuah derived 
from these products, as well as other plants, also contains iodine. It is found in 
fossil plants , and hence also its occurrence m coal, and in the unuumuaoal products 
derived from coal. 

Turkey sponge has 0 2 per cent , the honeycomb .sponge (>‘051 per cent., and 
according toF, Hundeshagen, 23 the sponges from tropical seas contain up to M per 
cent, of iodine , A Fyfe, and K Stratingh found none m coralH ; but ffl. Dreo.luud 
isolated from certain corals what he considered to be todot/ort/io mid, (tlluINO... 
Minute quantities of iodine have also been reported in nearlv all marine! worms] 
molluscs fish, and other marine animals which have been examined. For example 
oysters have been reported with O’OOOO £ per cent, of iodine; prawns, <)Wm 
cockles, 0*00214 ; mussels, 0 0357, salt herrings, 0 00000; cod-fish, 0*000 IG; 
and cod s liver, 0 00016 per cent It occurs in most fish oils— cod-liver oil for in- 
stance, contains from 0 0003 to 0*0008 per cent, of iodine ; whale oil lut*CKK)01 net 
cent , and seal oil, 0*00005 per cent. 1 

Iodine is a noimal oonatituent of animals where it probably occur* as a complex 
organic compound. The iodine of the thyroid gland is present as a kind of albumen 
containing phosphorus and about 9 per cent, of iodine. This has been isolated by 
digesting the gland with sulphuric acid, and preoipitating with alcohol. The iodine 
seems to play a most important part m the animal economy. The proportion of 
lodme is smaUer m young people than m adults, and the amount becomes less and 
fS According to J Justus, the amount of iodine m mErams 
per 100 grma of the various organs of human beings is : thyroid gland. 1)’7C niMms • 
liver, 1211 ; kidney, 1-053; stomach, 0 989 fWn, 0-879; WO'&T’Sfc 
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0*800 , prostate, 0*689 ; lymphatic gland, 0 600 , spleen, 0*560 ; testiole, 0*500 , 
pancreas, 0 431 ; virginal uterus, 0 413 , lungs, 0*320 ; nerves, 0 200 ; small 
intestine, 0*119 ; fatty tissue, traces The proportion m the corresponding parts 
of animals is smaller Only a very small proportion is found in blood and muscle. 
0. Loeb 26 could find none in the brains, spinal marrow, fat, and bones. Iodine hats 
been reported m wine and in eggs. E. Winterstem found no iodine in milk:, cheese, 
or cow’s urine 
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§ 6. The History of Chlorine, Bromine, and Iodine 

La vrai chimie ne date que de l’emploi bion ^tabli doa aculoa min&aux, qui wont von- 
tables disaolvanta dea mo taux • — F H.obi’er (1842). 

Sodium chloride was known as salt from the cailicst times About 77 a.d., 
Pimy, m his Natwalis Histories (33. 25), described the purification of gold by 
heatmg it with salt, misy (iron or copper Hulpliate), and wJiihIoh (clay). This 
mixture would give off fumes of hydrogen chloride The attention, how ever, was 
focussed on the effect of the treatment on the metal , no notice was token of the 
effluvia. In the Alchvmia Geben (Bern, 1515) — suppoeod to have boon written in 
the thirteenth century or afterwards — there is an account of the preparation of 
nitric acid by distilling a mixture of saltpetre, copper sulphate, and clay ; and (leber 
adds that the product is a more active solvent if some sal armnonincm is mixed with 
the ingredients. Thus Geber prepared aqua regia Raymond Lully J called the 
former aqua sahs min , and the latter aqua sails armoniaci; Albertus JVhigiitw- 
called the first aqua puma (nitric acid), the second aqua sccmula (aqua regia). 
J. R. Glauber (1648) 3 prepared aqua regia by distilling nitric acid with common 
salt 

While the Arabian alchemists were probably acquainted with the mixture of 
mtne and hydrochloric acid known as aqua regia, tlicfc is nothing to show that they 
were acquainted with hydrochloric acid. The method of making hydiochlorio acid, 
first called spinius sails, dates from the end of the sixteenth century. Although 
there is no record, this acid was probably made earlier than tliiH because it was the 
custom of the then chemists to collect the products of the distillation of mixtures of 
various salts and earths , and the necessary ingredients were in their hands. Kor 
example, in preparing aqua regia it merely required the substitution of sal n atm us 
for niirum — which, as Pliny said, ce do not greatly differ in their properties 
furnish spintus sails . It is almost inconceivable that this was not clone. The 
preparation of the acid by distilling salt with clay is mentioned in the A lehemia 
(Franco furti 1595) of A Libavius; and in the JWiumphwagm ties Antimouii 
(Leipzig, 1624) of the anonymous writer Basil Valentino, J R. (Haulier (l(M8) 
described the preparation of spinius sdhs by distilling common salt witli oil of 
vitriol or with alum J. R Glauber also described the salient properties of this acid, 
and especially remarked on its solvent action on the metals. He mentioned that 
silver resists its action H. Boerhaave know that load resists the notion of the 
acid; R. Boyle referred to the action of the acid on soln containing silver, and he 
noted that the salt which this acid forms with the alkalies effervesces and fumes 
when treated with sulphuric acid Stephen Hales (1727) noticed that- a gas very 
soluble in water is given off when sal ammoniac is heated with sulphuric acid, and, 
in 1772, J. Pnestley collected the gas over mercury and called it marine arid air in 
reference to its production from sea-salt For a similar reason, the French term 
for the acid was acide marin. In A L Lavoisier’s nomenclature (1787), the acid 
was designated acide muriaiique , or muriatic acid ; and after JI. Davy’s invest iga* 
tions on chlorine, the name was changed to aoidc chlorhydriquc or hydrochloric acid . 

There can be little doubt that the corrosive, suffocating, greenish-yellow fumes 
of chlorine must have been known onwards from the thirteenth century by all 
those who made and used aqua regia — e.g. J. R Glauber’s rectified spirit of salt 
mentioned above Early in the seventeenth century, J. B. van Ilclmont mentioned 
that when sal mann (sodium chloride) or sal artneniacus (a mm onium chloride) and 
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aqua chrysulca (nitric acid) are mixed together, a flatus incoercibile is evolved. 

J Glauber (1648) also appears to have obtained a similar gas by heating zinc chloride 
and sand ; he also said that by distilling spirit of salt with metal oxides, he obtained 
in the receiver a spirit the colour of fire, which dissolved all the metals and nearly 
all minerals. This liquid was no doubt chlorine water ; J. E Glauber called it 
7 edified spirit of salt , and he said that it can be used for making many products 
useful in medicine, in alchemy, and in the arts. He gives an example by pointing 
out that when treated with alcohol, spirit of Balt furnishes oleum vim, which is 
very agreeable, <*nd an excellent cordial 

The meaning of these observations was not understood until 0. W Soheele 
published his Be magnesia nigra 4 in 1774. C W Scheele found that when hydro- 
chloric acid is heated with manganese dioxide, a yellowish-green gas, with a smell 
resembling warm aqua regia, is given off. 0 W. Scheele’s directions for preparing 
the gas are . 

Common, muriatic acid is to be mixod with levigated manganese (i e. pyrolusite) m any 
quantity in a glass retort, which is to be put into warm sand, and a glass receiver applied, 
capable of containing about 1 2 oz of water Into the receiver put about 2 drms of water ; 
the ]omtu are to be luted with a pioco of blotting paper tied round them In a quarter of 
an hour, or a littlo longer, a quantity of tho acid, going over mto the receiver, gives the 
ail con tamed in it a yollow colour, and then it is to be separated from the retort. 

He remarked that the gas is soluble in water ; that it corroded corks yellow as 
li they had been treated with nitric acid , that it hleaohed paper coloured with 
litmus , that jt bleached green vegetables, and red, blue, and yellow flowers nearly 
white, and the oolour was not restored by treatment with acids or alkalies; 
that it converted mercuric sulphide into the chloride and sodium hydroxide, 
common salt ; etc 

0. W. Soheele considered the yellowish-green gas to be muriatic acid freed from 
hydrogen (then believed to be phlogiston) ; accordingly, in the language of hia 
time, it was called dephlogisticated mwiatic acid A L Lavoisier (1789) 6 named 
the gas oxymunatic acid, or oxygenated muriatic acid, because he considered it to 
be an oxide of muriatic (i e. hydrochloric) acid ; and, consistent with his oxygen 
theory of acids, A. L. Lavoisier considered muriatic acid to be a compound of 
oxygon with an hypothetical muriatic base — murium ; this imaginary element was 
later symbolized Mu ; hydrochloric acid was symbolized Mu0 2 , and 0, W, Soheele’s 
gas, Mu 0 3 Hence, added A L Lavoisier, muriatic and oxymunatic acids are 
related to eaoli other like sulphurous and sulphuric acids , and he was at first in- 
clined to call tho one adde mm latem , and tho other aeide mwnatoque, This certainly 
seemed to be tho most plausible explanation of the reactions Lavoisier’s hypothesis 
was supported by an observation of C. L. Berthollet (1785), 6 that if the manganese 
dioxide be deprived of some of its oxygen by calcination, ib furnishes a much smaller 
quantity of Sclieele’s gas Hence, concluded 0. L Berthollet, “ it is to the vital 
air (oxygon) of the manganese dioxide, which combines with the muriatic acid, 
that tho formation of dephlogisticated marine acid is due ” He did not suoceed m 
oxidizing muriatic acid to oxymunatic acid, because he considered that the elastic 
state of munatic acid gas prevents it uniting directly with oxygen However, 
0. L. Berthollet supposed that he had succeeded in decomposing dephlogisticated 
marine aoid into muriatic acid and oxygen, for ho noticed that an aq. soln. of 
0 W. Scheeio’s gas — the so-called oxymunatic acid — when exposed to sunlight, 
gives oft bubbles of oxygen gas, and forms munatic acid 

In 1800, W. Henry 7 passed electric sparks through muriatic acid gas and 
obtained a little hydrogen which he supposed to come from the moisture m the gas ; 
on sparking a mixture of oxygen and muriatic acid gas he obtained a little oxymuxi- 
abic acid gas which he supposed was formed by the electnc sparks decomposing 
some of the moisture m the muriatic aoid gas mto oxygen, and the union of the 
oxygen with the muriatic acid gas to form oxymuriatic acid gas. The experiments 
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of J L Gay Lussac and L J Thenard, 8 and the earlier experiments (1800) of 
H Davy, 9 were complicated by the assumption that muriatic acid gas contains 
water, or the principles which constitute water, intimately combined, Acooiding to 
J L Gay Lussac and L J Thenard, muriatic acid gas and oxygen are formed when 
a mixture of steam and oxymuriatic acid is passed through a heated porcelain 
tube. It was here assumed that the muriatic acid gas in viituo of its great affinity 
for water, leaves the oxygen with which it is combined in oxymuriatic acid gas, 
and combines with the water to form muiiatic acid gas. L. *1. (fay Lussac and 
L J Th&nard also found that by heating a mixture of hydrogen and oxymuiiatio 
acid gas, there is a <e violent inflammation with the production of muiiatic acid ” ; 
they also showed that a mixture of equal volumes of hydrogen and oxymuriatic arid 
gas does not change m darkness, hut m light, the mixtuie is transformed into 
munatic acid ; and m bright sunlight, the combination is attended by a violent 
explosion It was assumed m these experiments that water is formed by the 
hydrogen removing the necessary oxygen from oxymuriatic acid gas, and leaves 
behind muriatic acid gas which is eager to combine with water. J L. Cfay Lukhoo 
andL J. Thenard also tried to deoxidize oxymuriatic acid, so as to isolate the hypo- 
thetical muriatic base of A L Lavoisier, by passing the dry gas over red-hot carbon, 
but when the carbon was freed from hydrogen no change was observed even though 
“ urged to the most violent heat of the forge.” Tn any ease, the attempt to soparai « 
from oxymuriatic acid anything but itself was a failure While favouring Lavoisier h 
hypothesis, J L Gay Lussac and L. J Thenard added: “ the facts can also bn 
explained on the hypothesis that oxymuriatic acid is an elementary body.” I lore 1 , 
then, are two rival hypotheses as to the natme of oxymuriatic acid- the yellowish- 
green gas discovered by Soheele 1 According to 0 W tichoeJe’s hypothesis, nxy- 
muriatic aoid— muriatic acid less hydrogen , acooiding to 0. L. Berthollet and 
A. L Lavoisier’s hypothesis, oxymuriatic a< ad —muriatic acid plus oxygon. 

In his BesearcJies on the Oxymuriatic Avid (1810), 11. Davy described the attempts 
which he made, without success, to decompose oxymuriatic acid gas. lie also 
found that when dried munatio acid gas is heated with metallic sodium or potassium, 
the metallic muriate and hydrogen are formed, but neither water nor oxygen is 
obtained Hence, no oxygen can be found in either muriatic aeid gas or oxymuriat in 
aoid gas H. Zublm also tried in 1881, and hkowiso failed to decompose chlorine. 
Accordingly, H Davy claimed that 0. W. Schcelo’s view is an expression of the 
facts, while Lavoisier’s theory, though u beautiful and satisfactory,*’ is based upon 
a dubious hypothesis — mz. the presence of oxygen in gases whore none can be found. 
The definition of an element will not permit us to assume that oxymuriatic acid is 
a compound, because, m spite of repeated efforts, nothing simpler than itself 1ms 
ever been obtained from the gas In order to avoid the hypothesis implied in the 
term oxymuriatic acid, H Davy proposed the alternative term chlorine find symbol 
01 — from the Greek x^°>p6 s, green The term chlorine is thus “ founded upon one 
of the obvious and characteristic properties of the gas its colour/’ 

According to H Davy’s bheory, 0. L. lierthoJIot’s observation on the action of 
oxymuriatic acid gas on water, and J L. Gay Lussac and L. J . Theimrd's observation 
of the action of steam on oxymuriatic acid gas, arc. explained by the equation : 
2B^O+2C1 2 =4HC1+02 , that is, the oxygen comes from the water, not from 
the chlorine. Similarly, the formation of chlorine by the action of oxidizing 
agents upon hydrochloric acid is duo to tho removal of hydrogen In symbols : 
4H0]+O2==2H2O+2Gl 2 II. Davy also showed that muriatic acid gas when ade- 
quately ^dried contains nothing but hydrogen and chlorine, and he showed that when 
the gas is decomposed by heating it with mercury, potassium, rinc, or tin, a chloride 
of the metal is formed, and one volume of hydrogen chloride furnishes half a volume 
of hydrogen— the other half volume must be chlorine. II. Davy summarized his 
conclusions from these and other experiments : “ There may bo oxygon in oxymuri* 
atio gas,* but I can find none ” , the hypothesis that oxymuriatic acid is a simpl* 
substance, and that muriatic acid is a compound of this substance with hydrogen. 
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explainB all the facts m a simple and direct manner , the alternative hypothesis of 
the French school rests, m the present state of our knowledge, on hypothetical 
grounds. The French hypothesis died a lingering death J J. Berzelius in 1813 10 
tried to argue that the French schools were right ; he even expressed his surprise 
that Davy’s hypothesis “ could ever gam credit ” J. J Berzelius seems to have 
misunderstood H. Davy’s experiments, but he too accepted Davy’s conclusions a 
few years later H. Davy s theory is orthodox to-day. New facts as they arrived 
have fallen harmoniously into their places and arranged themselves about Davy's 
theory as naturally as do the particles of a salt in solution about the enlarging 
nucleus of a crystal 

Iodine. — During the Napoleonic wars, mtre beds were cultivated m various 
parts of France, and from those saltpetre was obtained artificially About 1811, 
Bernard Courtois, a manufacturer of saltpetre, near Pans, used an aq extract of 
varoc or kelp for decomposing the calcium nitrate from the mtre beds ; he noticed 
that the copper vats in which the nitrate was decomposed were rapidly corroded by 
the liquid, and he traced the effects to a reaction between the copper and an un- 
known substance in the lye obtained by extracting the varec or kelp with water. 
B Courtois isolated this new substance and ascertained its more obvious properties. 
In his paper entitled Decouverte d’une substance nouvelle dans le vareck, and published 
about two years after Ins discovery, 11 he said : 

The mother-liquors of the lye obtained from varoc contain a tolerably large quantity 
of a singular and curious substance. It can easily be obtained. For this purpose it is 
suffioiont to pour sulphuric acid upon the mother-liquid and to heat the whole m a retort 
connected with a recoivor. Tho new substance which, on the addition of the sulphuric 
acid, is at once thrown down os a black powder is converted on heating into a vapour of a 
suporb violet colour ; this vapour condenses in the tube of the retort and in the receiver m 
the form of brilliant crystalline platos, having a lustre equal to that of crystallized lead 
sulphide. On washing these plates with a little distilled water the substance is obtained m 
a state of punty The wonderful colour of its vapour suffices to distinguish it from all 
other substances known up to the present time, and it has further remarkable properties 
which ronder its discovery of the greatest interest. 

B. Courtois communicated tidings of this discovery to F. Clement and 
J. B. Ddsormcs, and they published some results of their study of this new substance 
early in December, 1813 , 12 a few days later J. L. Gay Lussac, who also had received 
some of B. Courtois* preparation, gave a preliminary account of some researches 
on B. Courtois’ new substance, at a meeting of VInstitut Imperial de France on 
Deo. 6th, 1813. In this communication, J. L. Gay Lussac demonstrated some 
stoking analogies between Courtois* preparation and chlonne ; he made dear its 
elementary nature ; and designated it iode , the French eq of its present name — 
from tho Greek tooSfc, violet Its hydrogen compound was prepared and like- 
wise given the very name which it has to-day. J. L. Gay Lussac said : 

After this account one can only compare iode with chlore, and the new gaseous acid with 
muriatic acid . The phenomena of which we have just spoken can all be exp lamed 
either by supposing that iode is an element and that it forms an acid when it combines with 
hydrogen, or by supposing that the latter acid is a compound of water with an unk nown 
substance, and that iode is this substance combined with oxygen. Considering all the 
facts recounted, the first view appears more probable than the other, and serves at the 
same tirao to give probability to that hypothesis according to which oxygenated munatio 
add is regarded as a simple body. Adopting this hypothesis hydnodio acid appears a 
suitable name for tho new acid. 

On Dec. 20th, 1813, J L. Gay Lussac 13 read a further memoir on the combinations of 
the new element with oxygen , on Maroh 21st, 1814., J. J Cohn and H. G. de Claubry 
communicated observations made m J. L. Gay Lussac’s laboratory on the action 
of iodine on organic compounds , by June 4.th, 1814;, L. N Vauqualm had studied 
the action of iodine on ammonia, iron, mercury, and alcohol ; and finally , on Aug 1st, 
1814:, J. L. Gay Lussac communicated his famous Mimovre sur Viode , 14 In this 
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paper, said F D Chattaway, 16 the whole chemical behaviour of iodine is doHcribed 
m such ft masterly fashion that it remains to this day a model of wliat such an 
investigation ought to be 

H Davy played a not too glorious part m the history of lodme, and hm aid ion 
roused the ire of J. L. Gay Lussac. Humphry Davy was in Paris at the very i into 
of the excitement consequent on these reports of the properties of JK OourloiH* now 
element; H Davy received a comphmenlary specimen fiom A. TVf. Amprir on 
Nov 23rd, 1813, and on Dec 11th, 1813, details of his observations on tins substance 
were also communicated by M le Chevalier Cuvier to VJnslUiit Impel Mil de Puiwc* 
H. Davy confirmed the conclusions of J L. Gay Lussac road ut llnstilut seven days 
previously H. Ditvy sent a fuller account to the Royal Society, 10 Jan. 20th, 181-1, 
and another on June 16th, 1814, and yet a third on April 20th, 18 Lf>» In those 
memoirs, says F D Chattaway, “ H. Davy did little more than make the discoveries 
of B Courtois and J. L. Gay Lussac known m England.” In 1881, IK Zublin tried 
to decompose iodine, but failed 

It must be added that in 1767, m a paper on La soude do vareoh , L. < K Cadet 17 
spoke of a blue and green substance which is obtained by treating the nq< extract of 
varec by sulphuric or nitno acid , and he attributed the cause of the coloration a unc 
suraibondanoe d’une terrejaune martial. F. Hoefer asks : aurait-il cvtrmi V existence 
de Viode 2 * 

Bromine. — Of the three halogens, chlorine, bromine, and iodine, bromine Juis 
the least eventful history. Its elemental nature and its relation to chlorine and 
iodine were recognized from the very first While studying the mother-liquid 
which remains after the crystallization of salt fiom the water of the salt-marshes of 
Montpellier, A, J Balard was attracted by the intense yellow coloration dovolopud 
when ohlorine water is added to the liquid A J. Balard digested the yellow 
liquid with ether , decanted off the supernatant ethereal soln. ; and treated this with 
potassium hydroxide The colour was destroyed The residue resembled potassium 
chloride , but unlike the chloride, when heated with manganese dioxide and sulph uric 
acid it furnished red fumes which condensed to a dark brown liquid with an un- 
pleasant smell 

A J. Balard submitted a pli cachete to the Academic des Sciences in 182*1, and 
published an account of his work in his MSmoirc mr une substance parlmihtre 
contemie dam Veau de la mer , 18 in 1826. He related that he was at first inclined to 
regard the substance as a chloride of iodine, but he tried in vain to establish the 
presence of iodine. He said : 

Its refusal to colour starch blue, and the white preoipitato which it formed with tho 
piotorutrate of mercury and with nitrate of lead assured mo that no iodine was enntitmod 
in it On the other hand, I could not detect any indication of decomposition when it was 
submitted successively to the action of tho voltaic pile and to high tmip. tfurh iv 
resistance to decomposition could not fail to suggoat to mo tho idea that l had to dual with 
a simple body, or with one comporting itself as a simple body, anil mdotul l wan confirmed 
m this view when I regarded the entire treatment to which l hoc! HubjwLcul ilio Hubstancn, 
I came, therefore, to the conclusion that 1 had found out a now simple substance closely 
resembling chlorine and iodine m its chennoal aptitudes, and forming absolutely analogous 
compounds, but showing marked points of difference from thorn both in j Ih physical pro per tit's 
and chemical behaviour, and clearly to be distinguished from them. 

At first, A. J Balard called this substance mundc , but after wards bromine — 
from the Greek /3p&fio s, a stench A. J Balard prepared hydrobromio, hypo- 
bromous, and bromous acids ; and he concluded his memoir by summing up tho 
arguments in favour of the elementary nature of bromine ; 

\ 

A substance which m the free state resists as effectively os docs bromine all attempts 
to decompose it, which is expelled by chlorine from all its compounds possoHsed of exactly 
rte original properties, which when allowed to act on compounds containing iodine sub- 
stirbites itself m every case for the latter element to play a similar part in tho now products, 
and which, in spite of some differences of action, is connected with both oklorino and iodine 
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by the most sustained analogies, seems to possess the same right to be considered os a 
simple body If these results are confirmed by other chemists, bro min e must as a sim ple 
body rank along with chlorine and iodine, and it is manifestly between these elements that 
it must be placed. 

J R. Joss 10 seems to have obtained this element in 1824 ; he noticed that a red 
colour was developed m preparing hydrogen chloride by heating a sample of rook 
Balt with sulphuric acid, but he attributed the coloration to the presence of 
selenium in the acid employed J. Volhard also narrates that J. von Liebig had 
bromine in hand a month before A J,' Balard, but mistook it for iodine chloride . 

J von Liebig related that some years before Balard’s discovery he received, from a 
salt manufactory in Germany — the Krcuznocher salt springs — a vessel containing bromine, 
or at least a product very noh in bromine, with a request to examine it Believing the 
liquid to be iodine chloride, he did not subject the specimen to a very exhaustive study. 
Whon he heard of the discovery of Balard, Liebig saw his blunder, and placed the vessel m 
a special cabinet for storing mistakes — Varmowe des f antes Liebig pointed this out to his 
friends to show bow easily one could get very olose to a discovery of the first rank and yet 
foil to grasp the facts whon guided by preconceived ideas. 

In 1881, H. Zublin tried to decompose bromine into simpler constituents, but 
failed. 
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§ 7. The Preparation ol Chlorine 

Chlorine is nearly always prepared in the laboratory by the action of an oxidizing 
agent— manganese dioxide, lead dioxide, barium dioxide, potassium dichromate. 
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potassium permanganate, air, etc — either directly on hydrochloric acid, or in- 
directly through the medium of a chloride Manganese dioxide is the oxidizing 
agent most commonly used Much chlorine is prepared for industrial purposes by 
the electrolysis of soln of sodium chloride, 

I. The preparation of chlorine by the action of heat on the chlorides of the 
heavy metals* — Gold and platinum ohloudcsgivo oil chlorine when heated, but these 
compounds are far too expensive for the preparation of chlorine, exeept for very 
special purposes, such as V and C Meyer's work 1 on tin 1 vapour density of chlorine, 
where platmous chloride, PtCl 2 , was used as the source ol chlorine : Pt ( 'J a — £ >Vt | ( 
This salt was selected because it is easily decomposed-- about 3(i0“- and is not 
deliquescent If moisture he present, some hydrogen chloride and oxygen will he 
formed W Wahl (1913) used gold chloride M Wildermaun passed purified 
chlorine through a tube of hard glass containing reduced copper , cupric, chloride, 
CuCl 2 , is formed The chlorine was washed out of the tube by dry air; the tube 
was sealed at one end, and heated by a combustion furnace. Chlorine gus wus 
evolved. 2CuC1 2 -*^2CuC1+C1 2 In special cases, too, highly purified fused silver 
chloride can be electrolyzed to furnish chlorine of u high dogfee of puritw- 

n. The preparation of chlorine by the oxidisation of hydrochloric add.- - 
1. Manganese dioxide — C, W Scheele, the discoverer of chlorine, obtained this 


-The Preparation of 
Chloimo. 


fe gas by worming manganese dioxide with hydrochloric 

acid : a mixture o[ Hul]>hunc acid with manganese 
dioxide and sodium chloride may also he used. In the 
latter case, a mixture of one part of pyrolusite with from 
1 5 to 2T) parts of sodium chloride and 2'f* to 3 parts of 
cone sulphuric) acid dil. with its own volume of water is 
made 3 The equation representing the reaction is: 
il Mn() 2 + 2Na01 + 21f. 5 HO t - MiuS<> 4 |-2I1 U <) | Ntt 2 M0 4 
prfi +01 a , but some manganese olilorido, MnCllj.” and so<rium 
J4jl bisulphuto may simultaneously formed. In tf diode's 
s-jpjk process, the mixture may contain one part pyrolusile 
3 Wlt b f°ur parts of conunoreial acid, or an excess of 

dw coarsely crushod fragments of the pyrolusite may ho 

Wvl use< ^ > an< ^ a ^ 0T the process is over, the excess can ho 
washed and used again. The end products of the 
Fro. 4. — The Preparation of r6 ^. otl °^ aro indicated in the. equation: Muth. | f IK !1 
Chloimo. — MnCl 2 +2H 2 0 +Cl a . The manganese dioxide, or the 

„ , . , , , mixture of manganese dioxide, mid salt is placed in a 

Hast A. Pig 4 , fitted with a wash-bottle, C, or other washing and scrubbing train 
and the acid poured into the tube funnel, B The gas cannot be collected over 
mercury because that metal is immediately attacked by H dot me forming tbo 
chloride For lecture experiments, the gas can be collected over warm water, or 
water sat. with salt, oi hy the upward displacement of the air The preparation 
under these conditions should be conducted in a woll-vontilated fume chamber 
since the gas is most objectionable in the atm. 

The purification of chlorine,— The gas can bo washed with water in order to 
remove most of the fumes of hydrogen chloride carried over with the chlorine, hut 
to remove the last traces of hydrogen chloride, 17. Stollrn * recommended the. intro- 
duction of a wash bottle with a soln of copper sulphate, or a tube of solid copper 

SXii ea + ?^f P °^ der ’ thm washin « th0 K fts with water. According 
v Mr!h h h > the ^ le * chm % powder contaminates the gas with hypocliloroiw acid 
F. Mohr recommended removing the gas by scrubbing it in a tube packed with 

XTsr WvJ" 4 H M( V aSa ? w d 4^ B - du JaKaormcix kept the tube warm at 
H™. 8 ? ■ T lth . the same ob J ect > w - Hampe and H. Ditz washed the gas in a 
rW,/°TT tv potassium permanganate. To avoid contamination with carbon 
* P ltz ^commended washing the manganese dioxide first with nitric 

or dilute sulphuric acid and then with water to remove carbonates. F. P„ Treadwell 
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and W A K Christie removed chlonne oxides from the gas by passing it through a 
tube packed with asbestos, heated to redness The gas can bo dried by cone 
sulphuric acid, calcium chloride, or phosphorus pentoxide J A. Haxker 6 still 
further purified chlorine by passing the purified gas into cold water so as to form 
the hydrate, C1 2 8H 2 0, which was found to keep very well m darkness below 9°. 
When the hydrate is warmed shghtly, it gives off chlorine with less than 0‘2 per cent, 
of impurity. H Moissan and A. B du Jassonneix purified the dried gas by 
liquefaction, and, after prolonged contact with calci um chloride, solidifying the 
liquid so as to enable traces of dissolved gaseous impurities to be pumped off 

L. Moser recommended removing air and carbon oxide by liquefying the gas with 
a freezing mixture of carbon dioxide and ether, and redistilling. 

The mechanism o£ the reaction between manganese dioxide and hydrochloric 
add. — The reaction between hydrochloric acid and manganese dioxide has given 
rise to much discussion When manganese dioxide is treated with cold cone, hydro- 
chloric acid, a dark brown liquid is formed, and chlorine is slowly evolved at ordinary 
temp , more quickly if the mixture be warmed. The liquid finally becomes colour- 
less and it contains manganous chloride, MnClg G, Eorchhammer, in 1821, showed 
that if the freshly prepared brown liquid be largely diluted with water, it remains 
clear for a few seconds, and then becomes turbid owing to the formation of a brown 
precipitate of hydrated manganese dioxide. Quite a similar precipitate is formed 
if either the red oxide o£ manganese, Mn 8 0 4 , ot the sesquioxide of manganese, Mn 2 0 3 , 
be treated m place of the dioxide, MnOg, According to S. U Pickering, 6 however, 
the composition of the precipitate vanes with the conditions of the experiment 
from about 3Mn0 2 +Mn0 to 7Mn0g+Mn0. Attempts have been made to find 
what the brown sola, contains. Most are agreed that either manganese tnchlonde, 
MnCLj, or manganeso tetrachloride, MnCl^ is first formed as an intermediate product. 

M. Bertholot 7 considers it improbable that the simple manganese tetrachloride is 
produced when a soln of manganous ohlonde, MnCl 2 , m hydrochloric acid is treated 
with chlorine , rather is the first product an easily decomposed perchlonnated 
compound, HOI 3 .nMnCl 3 or MnCl* wHCl The formation and decomposition of such a 
product would explain the observed phenomena. The isolation of the product of 
the reaction has proved very difficult because it decomposes so leadily Indirect 
evidence has been obtained by determining the ratio of the manganese to the 
available chlorine ; but the results are not decisive ; and hence Borne have considered 
the trichloride is formed ; others, the tetrachloride. 0 Naumann isolated the 
double salts (Nir 4 ) 2 MnCl B and K 2 MnCl 6 , and hence argued in favour of the tri- 
chloride. J. Nicklus 8 treated manganese dioxide suspended in ether, C 4 HiqO, 
with hydrogen chloride, and obtained a green liquid which changed to a deep 
violet colour on adding more ether. The green oil has a composition corresponding 
with MnCl 4 .120 4 II 10 0.2Il20 , hence, argued J. Nioklbs, the green oil contains 
manganese tetrachloride. J. Nickl&s did not succeed m isolating a definite product, 
and, since ho found his analyses vanaient smguli&rement par leur composition, 
S U. Pickering considers that it is just as likely that MnClg 12C 4 H 10 O 2HC1 4H 2 0 
might have been present. W B. Holmes 9 used carbon tetrachloride in place of 
other, and obtained both the tri- and tetrachlorides of manganese. He therefore 
inferred that the reaction between hydrochloric acid and manganese dioxide 
furnishes a soln. containing both chlorides: Mn0 2 +4HCl==MnCl 4 +2H 2 0 and 
2MnO2+8Jl0]~2MnCl 3 +C] 2 +4H 2 O; but in co^unctionwith E P Manuel, 
ho gavo up the tetrachloride hypothesis, and expressed the belief that the 
trichloride alone is formed. As an alternative hypothesis, B Eranke assumed 
that hydro chi or Oman game acid, H 2 MnClo, is formed as an intermediate product : 
Mn0 2 +GII01=Hj 4 Mn(Jlo+2Hv'0 ; which decomposed: HaMnCle^aHCl+Cla+MhClg. 
In file presence of manganous chloride and an excess of water still more complex 
reactions occurred, finally furnishing MnC^.HgO. • 

Apart from electrolytic chlorine, by far the largest proportion of chlorine 
used in the industries is made by the oxidation of hydrochloric acid, generally 
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by manganese dioxide either as native manganese ore, or as " recovered man- 
ganese ” — the so-called Weldon mud. 


The process with hydrochloric acid is conducted as an annexe to the Hiilt-eako work* 
where the acid is a by-product ol the process — otlic*iwinn tho 
cost of transport of hydroehlono acid would not. enable the 
process to live against competitive prices Thu stills for 
generating the chlorine aio not made of load because that 
metal is attacked too readily by tho acid ; vessels of Mtiuc- 
ware were formorly used , to-day tho Htills aro built with flails 
of siliceous sandstone which aro Komoinnes first boiled m tai. 
The volvic lava from Puy-do-!D6ino (Franco) is preferred even 
to the best sandstone Acid-resisting bnelcn are also used. 
The flags are clamped together by iron tie-rods, and the 
joints either made tight with mdiarubber cord, or immuo- 
and-groove joints are employed with a cement oi Ureclay and 
tar. The mixture is hoatod by blowing m steam, A section 
of one type of chlorine Btill is illustrated in Kig. 5* The 
manganese oro rosts on tho perforated plate A , /f is a 
stoneware steam pipe ; tho stoam outers the still rid ft Inflow 
the perforated falso bottom , C is tho exit pipe for chlorine , / ) 
is a man-hole , J57 an acid safoty funnel winch lias various 
designs , and F is an opening for running uif tho Hpcnt. ncid* it 
K__rrui • 18 °* ose( * f wooden plug Tho lid is of lend Tho 

iFia. 5. Chlorme Still. hausted still liquor contains manganoiw ohlm'ido, and Home 
femo and other metal chlorides derived from impurities in 
the manganese ore There is also some free ohlonne, and froo hydroclilonc acid- «\j/ t tho 
composition of a Btill liquor approximated 
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It will be observed that even under the ideally perfect conditions represented by 
the equation, Mn02+4HCl=MnCl 2 +2H 2 0+Cl2, only half tin* chlorine of the 
acid can be obtained in the free state. The hydrochloric acid consumed by the 
impurities in the manganese ore ; by forms of manganese oxides with a lower power 
of oxidation than the dioxide, and the excess hydrochloric acid which escapes 
oxidation all tend to reduce the efficiency of the process. Various patents have been 
granted for utilizing the still liquoT — e g it haB served for the manufacture of man 
ganese carbonate for purifying coal gas (R. Laming) for deodorizing fieeul 
matters (J Dales) ; fox converting banum sulphate to the chloride* (K. Kuhhmmn) ; 
for the manufacture of brown pigments of various kinds by tho precipitation of 
the manganese oxide with lime (C. Crockford) ; and for the manufacture of pure 
manganous chloride (K. Muspratt and B W. Gerland). Various other proposals 
for utilizing the free acid of the still liquor have been made, and patents have been 
taken for recovery of manganese dioxide by precipitating manganese oxide with 
lime and subsequently oxidizing the precipitate with air Noun of these processes 
can be regarded as successful , 11 the recovered manganese, in some cases cost more 
than the original ore, or else it did not work satisfactorily. \V, Weldon's improved 
process is founded on the fact that the freshly precipitated nutngunese hydroxide 
suspended m a soln of calcium chloride, is easily converted into the dioxide when 
an excess of lime is present. Many of the older processes recovered manganese 
dioxide by the action of a current of air upon the manganese hydroxide prmuiUlwl 
by lime, but the oxidation is so slow as to be useless m practice, and even then only 
about half is converted into the peroxide, for the oxidation seems to stop when the 
manganese is oxidized to the sesqnioxido, Mn 2 0 3 . In Weldon’s recovery process, 
it ib the excess of bme which led to commercial success, for there is a complete 
conversion to the dioxide m less than one-tenth the time required for maximum 
conversion when there is no excess of lime. W. Weldon showed that tho complete, 
oxidation of the precipitated manganese hydroxide can take place only in the 
presence of a strong base Manganese dioxide has "weakly acidic properties, and 
m the absence of strong bases, it combines with unohanged manganese oxide, Mno| 
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to form manganese mangamtG, MnO Mn0 2 , % e Mn 2 0 3 If lime is present, the 
formation of calcium mangamto, CaO Mn0 2 and CaO 2Mn0 2 , is much faster than 
the Formation of manganese mangamte, and all the manganese is then converted 
to the higher oxide 

The application of Wold on’s recovery proco&s involves treating the acid still liquor 
with ground chalk or limestone to neutralize the free acid and precipitate the oxides of 
iron. Tho clanked liquid ib run into a taJl cylindrical vessel, whore it is mixed with milk 
o£ lime in sufficient quantity to precipitate all the manganese as manganese hydroxide, 
Mn(OfJ) 2 . Tho reaction is symbolized MnCl a 4‘Ca(OH) a =Mn(OH) 2 -l-CaCl a An 
additional amount of lime — from one -fifth to one-third the quantity previously employed — • 
is mtioducoel ; tho liquid is warmed to about 56° or 60° by blowing nj steam , and am 
from a compressor ih dnvon thiougli tho liquid for about 2^ hours. The manganese is 
oonvortod into tho dioxide, and tho contents of the vossel run into a vat, where the manganese 
dioxide is precipitated oh calcium mangamto, CaO,MnO a The reaction is symbohzed : 
2Mn(0II) a 4-2Ca(0Id) fl 4-0 3 =2(Mn0 2 CaO)4-4H a O More still liquor is added and the 
blowing continued whereby CaO MnO a is converted into Ca0.2MnO a The reaction is 
represented . 2MnO a Ca0-f-2Ca0 + 2MnCl a + 0 3 =2(Ca0,2Mn0 2 )-|-CaCl 2 The slurry is 
run into settlors, whoro the mangamto deposits as a thm mud — Weldon mud The clear 
liquid — largely calcium chloride — is run to waste , no use has been found for but a very 
limited <pian City of this by-product. The mud is pumped into special chlorine stills where 
it is mixed with hydi ochlonc acid The mixture is warmed by blowing in steam. After the 
chlormo has ceased to he ovolved, the residual liquid is treated as botoie The circulation 
or transport of tlic Ik puds and bliinos is effoctod wholly by pumping machinery ; the time 
required for completing ono cycle is comparatively short ; and the plant is simple and 
inexpensive Those advantages secuiod an unprecedented success for this process of 
manufacturing chlorine 14 

The theory of tho process is incomplete, but that outlined above, based on the 
acidic qualities of manganese dioxide, is due to W. Weldon. 13 It will be observed 
that Weldon’s mud has a composition approxi- 
mating to CaO 2 Mu() 3 , and, in the chlorine still, 
this reacts : CaO,2MnO 2 4-d0HCl—CaCl 2 H-2MnCl 2 
4-20 L>~|~GHoO , if manganese sesquioxide were 
used rMn 2 () 3 +C>[ICl'=2MnCl 2 +3H 2 0+Cl 2 . The 
consumption of acid per unit of chlorine, as well 
as tho reduction m the time required for the oxida- 
tion is therefore in favour of Weldon’s process 
It is, however, a blemish that it produces less 
ohlorino per unit of acid than native manganese 
oro of good quality , and, as W. Weldon himself 
has said, it is a barbarous process that yields only 
one-third of the total chlorine of the acid treated, 
and that tho other two-thirds are wasted as calcium 
chloride. 

2. Tho oxidation of hydrochloric acid by 'potas- 
sium permanganate . — H. B Oondy 14 obtained a 
provisional patent fox the preparation of chlorine 
by heating a mixture of sodium chloride, sodium 
permanganate, and sulphuric acid. The process was to be used when a fairly pure 
product was required for manufacturing purposes C M T du Motay developed 
a process m which hydrochloric acid is passed over a heated mixture of lime and 
potassium permanganate. This salt is a very convenient oxidizing agent f ot preparing 
chlorine on a small scale, at ordinary temp A flask containing some crystals of 
potassium permanganate — say 10 grins. — as fitted as indicated m .Big. 4 and 
connected with a wash-bottle containing cone . sulphuric acid. Dilute hydro- 
chloric acid — 60 to 65 c o of acid of sp gr 1*17 — is run, drop by drop, from a tap 
funnel, Mien chlorine is evolved by the reaction . 2KAln0 4 +16H01->8H20+2KCl 
+2MnCl 2 +5Cl 2 S J Lewis and E. Wedekind’s 15 apparatus is illustrated m Big. 6. 

Tho apparatus, Fig G, is intended to furnish a regular supply of gas undor control. 
The permanganate is placed m the flask A. furnished with a Btopperod funnel from which 
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the supply of acid is regulated The gas passes through tho exit tubo Ii, wluuo it is to be 
used and any excess escapes w& C, D to the outside air. Tho bottlo K contains water or 
sulphuric acid, and it acts as a safety tube If the pipette F bo lifted above tho wurfacso of 
the liquid in E, the gas will escape through F and D mto tho outside air When tho supply 
of acid is cut ofl, the evolution of gas ceases whon all tho acid is used up. 

According to A Scott, 16 potassium permanganate is very* liable to bo contaminated 
with chlorates which introduce chlorine oxides into the gas. The only sale test for 
these impurities is to absorb the gas m a neutral soln. of potassium iodide, and just 
decolorize the soln "with sodium thiosulphate If the addition of pure dilute 
hydrochloric acid does not restore the blue colour, the absence of chlorine oxides 
may be inferred : 3Cl 2 0+7KI=3l2+KI0 3 “fGKCl, and G010 a +10I\I- 31o | IKK > 3 
+6KC1. The hydrochloric acid destroys tho iodate : KlOa-KdLGI | f»KI — (iKC‘l 
+3 H s 0+3I 2 . 

3. The oxidation of hydrochloric acid by chloiatcs — L, von Pobal (I87f>) and 
G. Schacherl (1876) have investigated the prepaiation of chlorine by tho action of 
potassium or sodium chlorate on hot cone hydrochloric acid. If the temp, is low, 
the gas will be contaminated with chlorine oxides and oxygon Tho reaction is 
somewhat complex 18 The two mam reactions arc : H( 11( ) ;r pM I01~>301o-(~3} If ) ; 
andSHOlOs+SHCl-^SClOg-bCla+SHiiO E. A Gooch and 1) A. Kroidor recommend 
washing the gas m a warm soln, of manganous chloride in cone hydrochloric acid, 
or better, by passing the gas through a heated tubo packed with asbestos. This 
process offers no advantages over other processes ; it is far less convenient ; and 
there is a risk of explosions 

4 The oxidation of hydrochloric acid by nitric acid. — 0. Wail and T. It. Tobult 
proposed to make chlorine by heating load chloride with nitric acid, but the patent 
was of no technical importance 0, Dunlop heated a mixturo of sodium nitrate 
and chloride with sulphuric acid, and passed tho mixture of chlorine and nitrous 
gases through cone sulphuric acid — the clilorino passes on, the nitrous gases are 
retained by the sulphuric acid. This process was in use at St liollox for some yeaxs 
where the chlorine was used for making bleaching powder, the by-product of nitrous 
vitriol waB utilized m the sulphuric acid process ff« Goldschmidt 20 sup]) used tlml 
the reactions furnished nitric and hydrochloric acids — aqua regia, ui fact which 
decomposed into nitrosyl chloride and chlorine : 3H01+HNO3--2JI.JO ) N(X 4 1 

and in contact with water or sulphuric acid, N()01+IIo0~-HN0 2 |-1I( *1 These 
reactions are but approximations to the far more complex changes which actually 
occur. G Lunge represents the reaction- 3NaCl+N‘aN() 1J d-lII. i .SU 4 NOCl | (It* 
+2H 2 0+4NaHS0 4 , which corresponds with tlioso of if. Goldschmidt, Many 
other modifications have been proposed 21 In T. Schlosiug’n process, a mixture of 
mtnc and hydrochloric acid reacts with manganese dioxide, chlorine is evolved and 
manganese nitrate is formed: MnO 2 +2HNO lj +-2II01-->2Jf S jO | (!1« 

The latter when dned-and calcined furnishes manganese dioxide, JMnOg, and nitrous 
fumes, Mn(N 0 3 ) 2 ’->Mn 0 2 +N 2 04 , which can be converted into nitric acid ; ilNuO* 
+0 2 +2H 2 0 =4 HN O s There is a loss of about 10 per cent, of the nitric acnl in tho 
working of the process This process is a variant of a patent by If, A. Gatty in 18h7. 

5 The oxidation of hydrochloric acid by chromates or dichromatic* — In 18*18 
A, MacDougal and H Rawson 22 patented the manufacture of chlorine by heating 
chromates or dichromates — preferably those of calcium— with hydrochloric acid, 
directly or indireotly The process with potassium dichromate was recommended 
by E M P6kgot, J G. Gentele, and H E Roscoc for preparing a fairly pure gas : 

K 2 Cr 2 0 7 +14HCl=2CiCl 3 +2KCl+7H 2 0+o01 2 . 

6 The oxidation of hydrochloric acid by bleaching youod&r.— Chlorine can lie made 
by the action of an excess of hydrochloric acid on an alkaline hypochlorite or 
bleaching powder. The process was suggested by M. Boisscnot ? a m 1849, and later 
recommended by A, Mermet and H. Kammerer According to 0, Winkler, the 
bleaching powder may be compressed into cubes with suitable binding agent— say 
plaster of Paris. The gas comes off at ordinary temp., and the cubes used in Kipp’s 
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apparatus with hydrochloric acid of sp gr 1 124 chi. with its own volume of water 
— but no sulphuric acid According to J Thiele, no binding agent is necessary. 

7. The catalytic oxidation of hydi ochloric acid by atmosph&ic air — R. Oxland, 24 
m 1845, patented a process for making chlorine by passing a mixture of hydrogen 
chloride and air through red-hot pumice and washing out the undecomposed gas by 
water Ten yeaTS later, H Vogel proposed to prepare chlorine by heating cupric 
chloride to dull redness, about 500°, whereby cuprous chloride is formed : 2 CuC1 2 
==2CuG 1+C1 2 . The cuprous chloride was then mixed with hydrochloric acid and 
oxidized by air when he supposed cupric oxychloride, CuCl 2 2Cu0.3H 2 0, was 
first formed, and then cupric chloride itself, so that the end-product of the reaction 
is regenerated cupric chloride • 4 CuC1-HHC1+0 2 =4CuC 1 2 +2H 2 0 Stripped from 
the accessory reaction, it will be observed that fundamentally the reaction may be 
symbolized 4HC1+0 2 ==2C1 2 +2H 2 0 In practice on a large scale only one-third 
of the chlorine of cupnc chloride was obtained , the copper chlorides quickly 
corrode stoneware, firebricks, etc , the manipulation is dangerous to health ; and 
the cost is high owing to the loss of copper 

Various modifications were proposed by C. P.P Laurent, P M A de Tregomain, 
and J T A Mallet, but none were successful until 1868, when H W. Deacon 25 
arranged the reactions so that the process is continuous In the early process the 
yield was rather small, but R Hasenolevex 26 obtained better results, introducing the 
hydrochloric acid in a continuous stream into hot sulphuric acid contained m a 
series of stoneware vessels, and driving out the hydrochloric acid by a Btream of 
air Although this added to the cost of the operation, smee the sulphuric acid had 
to be cone again, the process worked more regularly, and the purification of the 
hydrochloric acid effected by this treatment has added much to the successful 
working of Deacon’s process It was also found that with impure gases containing 
sulphur oxides, arsenic oxide, carbon dioxide, etc , the activity of the catalytic 
copper is rapidly destroyed 27 

II W, Deacon showed that the oxidation of hydrogen in hydrogen chloride can 
be effected by atm oxygen, by passing the mixed gases through a tube at a high 
temp The action takes place below 400° in the presence of pumice-stone sat with 
cuprous chloride — CuCl, The result of the reaction is represented by the equation : 
4HCl+0 2 +UuUl=2H 2 O+201 2 +Cu0L The cuprous chloride remaining at the end 
of the reaction has the same composition as at the beginning It is supposed that the 
first action results m the formation of a copper oxychloride 4CuCl+0 2 =2Cu 2 0Cl 2 ; 
followed by : 0u20Cl 2 +2HCl=20uCl2+H 2 0 , and finally by : 2CuCl 2 =2CuCl-f Cl 2 . 
Several other guesses 28 have been made on the nature of the cyclic reactions 
between the catalytic agent and the reacting gases Iron, nickel, cerium, and 
other chlorides can be used in place of copper chloride H. Ditz and B. M. 
Margosches 29 have patented the use of the chlorides of the rare earths which 
occur as a by-product in the manufacture of thoria for gaB mantles The 
chlorine is necessarily contaminated with undecomposed hydrogen chlonde, 
atmospheric nitrogen, atmospheric oxygen, and steam The steam and hydrogen 
chloride can be removed by washing, etc The chlorine so prepared is used m the 
manufacture of bleaching powder, where the presence of the impurities does no 
particular harm. 

The reaction can be illustrated by the apparatus shown m Fig. 7. Air is forced from a 
gas holder through a wash-bottle oontaming hydrochloric acid, and then through a hot 
porcelain tube containing pumice-stone impregnated with a soln of oupno chloride and 
dried Tho chlorine gas obtained at the exit can be collected m the usual manner. It is, 
of course, mixed with the exooss of air, nitrogen, etc 

Tn the reaction: 4 HCl+ 0 2 ^ 2 Cl 2 + 2 H 2 0 , for equihbrium, [H a O] 2 rCl 2 ] 2 
=7C'LHC1] 4 [0 2 ], where II' is the equilibrium constant, and the symbols in braokebs 
represent the concentrations of the reacting substances , if partial press, be used P i for 
the hydrogen chloride ; P 2 for the oxygen ; pi for the chlorine ; and p 2 for steam, the 
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1 1 nrc . P2P 2— K t, ‘ni*'Oo where 7i" is constant, anti if K tr -~ A 4 , 

The latter represents the equilibrium condition corivwpmidmg 
wJth the decomposition of one mol of hydrogen chloride Observations shoue, 
that a mixture containing 92 7 mol of oxygen and 100 mol of M™lj™ ’’ f 1 ' J|[‘ 
at 352°, reacts until 86 95 per cont of the hydrogen chloride is di t empos, I vGun 
the system is in equilibrium Consequently, the equilibrium in“ 7 m, I of 
contains 100—86 95=13 05 mol of hydrogen chloride; a oi H|> .)»>-- M 17 mol. t 
steam ; and 92 7— J of 86 95 or 71 0 mol. of oxygen The total press, of the, gases 
was virtually one atm. and therefore the partial press, of the gases must be pro- 
nortional to these figures, and their sum must bo unity, or the partial press are . 
HQ, 0 0763; Q 2 , 0 254.2 , H a 0, 0 2542, and <> 2 , (>’4152. hrom the mass law, 
therefore 


K-*% 

PlP2 


. k ^6muxs/()2W2 
3 1 0 0763 xV<) <1152 


or, K = 4 15 at 352°. The heat evolved during iho reaction 1101 t 

-1-01+ 6 9 Cals G N Lewis, so assuming that the sp. hi. of the four gases do not 



Fig 7 — Illustration of Deacon’s Process for Chlorine. 


vary appreciably for temp ranging between 300°-4.00 o , regarded the heat of the 
reaction to be independent of the temp, and van’t HolTs equation showing the 
influence of temperature on the reaction, is then represented by log K QffiT | V\ 
wheie O' is a constant, i2=l 985, these and Q=+6‘9. Substituting these values 
of Q and R , and passing from natural to common logarithms by dividing by 2 ‘3, 
there follows * log 10 £‘=1509/T+0, where 0 is a constant. Substituting the 
observed values of K and T, and log 10 4 15=1509/629 +0, or V l ’78. HVnc(\ as a 
first approximation, the expression log 10 /^lDOOr" 1 — 1*78 enables corresponding 
values of K and T to be computed at 386°, JT=2’94 (observed) and K 3 '02 (calcu- 
lated) ; at 419°, #=2*40 (obs ), 2 35 (calc ) At 25° the computed value of K is 1HOO, 
If allowance be made for the variation of the heat of the reaction Q with temp., 
K V vonFalckenstem obtains, as a second approximation, log AV.14,37 , 57 1 "'l - 0*534 
log T— 0 , 000214252 T +1 7075 Xl0“ 8 T 2 +0*074 W. D, Treadwell used the expression 
log 7T ?J =60342 T ~ 1 — 6 972 over the range 300° to 1800°, and the formula is approxi- 
mately correct down to room temp. The value of K at 3 52° is 2*68 ; at 0(K) W , 
-0 06 , and at 1984°, -4*30. 

The reaction never runs completely to an end, but rather approaches a state of 
equilibrium . 4H01+O2^2Cl 3 +2HaO, which fixes a definite limit to the yield of 
chlorine which can be obtained at any particular temperature and concentration of 
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the reacting gases The most favourable practical conditions were worked out 
byG Lunge and E Marmier 31 In the reaction * 4HCl+0 2 ->2Cl 2 +2H20, 27 6 Cals., 
both chlorine and oxygen are competing for the hydrogen , at 577° both appear 
equally strong, for the hydrogen is distributed equally between the chlorine and 
oxygen. At higher temp the chlorine is stronger than oxygen, because less free 
chlorine is obtained than at lower temp , when the affinity of oxygen for the hydrogen 
is the stronger In consequence, a greater yield of free chlorine is obtained at 
temp lower than 577° This agrees with the effect of temp on chemical reactions 
deduced thermodynamically. Since the reaction is exothermal, the lowering of 
the temp favours the formation of chlorine The temp , however, cannot bo 
reduced indefinitely because the reaction would then become inconveniently slow, 
even m the presence of the catalytic agent — cuprous chloride The catalytic 
agent begins to volatilize at temp even below 430° According to K V von 
Falckenstem, the best yield is obtained with a mixture of 40 per cent. HC1 and 
60 per cent, air, when about 70 per cent of the hydrogen chloride can be oxidized 
to chlorine In accord with the rule that an increase oi pressure favours the system 
with the smaller volume, and remembering that o’v er 100°, the system 4 HCI+O 2 
occupies five volumes when the system 2H 2 0+C1 2 occupies three volumes, it follows 
that an increase of press should favour the oxidation of hydrogen chloride and 
augment the yield of ohlorine. E. Quincke 32 recommended using oxygen in place 
of air This raises the partial press of the oxygen, and induces a more complete 
oxidation of the hydrogen chloride to chlorine. 

In practice, the mixture of air and hydrogen chlonde from the salt-cake gases is driven 
through cooling pipes and scrubbers to remove moisture, and dried in a sulphuric acid 
tower There are two sots of cylinders heated to about 450° by waste heat The cylinders 
contain brokon bnoks dipped m a soln of cupric chlonde The cylinders are recharged 
about once a fortnight. The exit gases containing 5 to 10 per cent, of chlorine are dried 
m a sulphuric acid tower and used for making bleaohing powder About two-thirds of the 
hydrogen ohlonde is converted into chlorine. 

HI. The preparation of chlorine by the oxidation of the metal chlorides. — 

Chlonne can be obtained by the action of oxygen or sulphur upon certain chlorides. 
The electrical energy required for the electrolysis of the fused chlorides is nearly 
proportional to their heats of formation — 

2NaCl GaOJ, Mg01 s 

Heats of formation . . • . 195 4 169’8 151 0 Cals. 

In the ideahzed reactions 2MC1+0=M 2 0+C1 2 , where M represents a univalent 
or an eq. bivalent element, energy respectively eq to 151 0, 39 0, and 7*0 Cals per 
mol. of chlorine is needed. Hence, the manufacture of chlorine by the calcination 
of magnesium chlonde in a current of air appears far more feasible than the treat- 
ment of sodium chloride, because the latter requires the expenditure of over twenty 
times more thermal energy per mol of chlorine. None the less, patents for the 
treatment of all these chlondes, and others, have been taken. Thus, W Longmaid 33 
proposes to obtain chlonne by calcining the chlondes of manganese, copper, iron, 
zinc, or lead with an excess of air. J Hargreaves and T. Robinson used a mixture of 
ferric chloride or chlonne oxide and salt ; W. Weldon, a mixture of ferrous sulphate 
and salt ; and A. R Anott, a mixture of ferrous phosphate and salt. In general, 
the expulsion of the chlorine may also be facilitated by mixing the sodium chloride 
with a sulphide, sulphate, silica, bone oxide, stannic oxide, phosphonc oxide, 
alumina, clay, etc., or a mixture of air with sulphur oxide can be used 84 Similar 
remarks apply to calcium chloride The enormous quantities of calcium chloride 
produced in the ammonia-soda process has attracted inventors who have made 
very persistent efforts to separate the chlorine by a cheap process Thus, E Solvay 35 
had a senes of about twenty patents between 1877 and 1888 directed to the de- 
composition of the chloride by heating a mixture with sand ot clay in a stream of 
vol. n. d 
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air 3* Hurfcur lias shown that the great amount of thermal energy required foe 
the decomposition of sodium and calcium chlorides by chemical process makes it 
probable, that it would be really cheaper to decompose those chlorides l>y sulphuric 
acid than by Solvay’s process In an attempt to recover the chlorine from the still 
liquor in the manufacture of chlorine from manganese dioxide and hydrochloric acid, 
W. Weldon 80 mixed the acid liquid with magnesite and heated the dried residue ; 
although the process was not successful industually, ho got the idea 37 that chlorine 
could be obtained from hydrochloric acid by converting the latter into magnesium 
chloride * MgO+2H01=Mg01 2 +H 2 0 ; and then heating the magnesium chloride 
in a stream of air : 2MgCl 2 +O s ==2MgO+201 a The reaction between oxygen and 
magnesium chloride is reversible, 38 and measurements of the equilibrium conditions 
when the different reacting members are heated m a closed tube shows that the 
equilibrium constant K agxees best with the assumption that the reaction proceeds ; 
2MgCl 2 +0 2 =2Mg0+2Cl 2 , and accordingly when C\ denotes tlm con- 

centration (partial press.) of the chlorine, and 0 2 that of the oxygen. The observed 


values of K were 00324 at 586° ; and 0'0G25 at G75°. If water vapour be present, 
equilibrium is established between 350° and f)05° through the relation : Mg< \ | ibd > 
=Mg01 OH+HC1 ; and above 510°, equilibrium is established through the relation : 
H 2 0+MgCl 2 =Mg0-|-2HCl Between 505° and 010% the oxychloride MgOUUf is 
decomposed : MgCLOH==HCl+MgO. 

Technical details of W. Weldon’s process wore developed in conjunction with 
A R. Pechiney, and the process— called the Weldon-Peclriney process - was worked 
in a continuous cycle of operations . (i) dissolving the magnesia in hydrochloric 
acid , (n) mixing the magnesium chloride with a fresh supply of magnesia so as to 
form magnesium oxychloride, and evaporating to dryness ; (in) breaking, crushing, 
and sifting the magnesium oxychloride ; (iv) heating the magnesium oxychloride 
to a high temp when any water present is converted into hydrochloric acid, and the 
remaining chlorine is given off in a free state , (v) converting the resulting magnesia 
back to the oxychloride and so on m a continuous cycle of operations. Probably the 
magnesia acts as a catalytic agent — like copper oxide in Deacon's process - and, 
in the furnace, converts parts of the hydrogen chloride into chlorine and water. 
The process waB used for a time at Salindres (Prance), where the mother liquors 
from the evaporation of sea-water for salt wore treatod. 

Many modifications have been patented. L. Mond 30 tried to recover the chlorine 
from the waste liquors of the ammonia-soda process. In Xfond’s chlorine process 
the ammonium chloride vapour is led over nickel or other metal oxide at about 400% 
the chlorine is retamed : NiO+2NHg+2H01^=Ni(Jl 2 PII 2 0+2NH 8 , the ammonia 
passes on The ammonia gas is then washed out oE fcho apparatus by aspirating an 
inert gas producer or flue gas — through the system, if dry air be then led over 
the nickel chloride at 500°, chlorine is given oft: NiCl a -K>a -KiO-)-CL ; and if 
steam be used, hydrogen chloride is formed : NiO^+IIaO^NlO-t 2H01. L. Mond, 
however, returned to the use of magnesia in which magnesium oxychloride was 
produced in place of nickel chloride ; and the oxychloride was decomposed by 
heating in dry air at 800° : 2Mg 2 0Gl 2 +0 2 =dM 8 0+2Ul a The Solvay Process (Jo. 
heated mixture of alkali chloride and ferric sulphate in the presenco of oxygen. 

17. Electrolytic processes ior chlorine and alkaline hydroxides. — In the elec- 
trolysis of cone, hydrochloric acid, with carbon or platinum electrodes, ohlorino is 
evolved at the anode, hydrogen at the oathodo. When tko cone, add, dil. with 
eight volumes of water, is eleotrolyzed, some oxygen is evolvod along with the 
chlorine ; with nine volumes of water, still more oxygen is evolved. The more dil. 
the acid, the greater the amount of oxygen, until, with water acidified with a few 
drops of acid, no chlorine but oxygen alone is obtained at the anodo>o The relation 

£ eld t of L 03Cygen ^ th aoids 01 concentrations 

® 8 ,’ Stf-HCl, the amount of oxygen obtained was scarcely 

appreciable The less the current density the greater the yield of oxygon witll 
soln. more dil than 10 ZV-HCi ; and with more cone, aoids, the oonverso is true. 
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Other products besides chlorine, hydrogen, and oxygen are obtained. For example, 
some hypochlorous acid could always be detected m the anode gas obtained m the 
electrolysis of the more dil acid , chloric acid accompanied by hydrogen peroxide 
in small quantities was formed with acids between normal and -£qN ; and perchloric 
acid is formed when the more dd acid is electrolyzed 

If an aq soln of potassium or sodium chloride be electrolyzed, chlorine (anion) 
appears at the anode, and the metal (cation) at the cathode In the case of sodium 
chloride, the primary separation is symbolized . NaCl=Na-f Cl— 96 4 Cals The 


metal then reacts with the water, liberating 
hydrogen and forming sodium hydroxide 2N a 
+2H 3 0=2Na0H+H 2 +86 8 Cals The ther- 
mal energy required to decompose one mol of 
sodium chloride and produce a mol of sodium 
hydroxide, and a gram-atom each of hydrogen 
and chlorine is —96 4+-J of 86 8 =—53 0 Cals 
The net result of the electrolysis is accord- 
ingly symbolized NaCl+H 2 0 =£Cl 2 +£H 2 
+NaOH— 53 0 Cals Heie,, 53,000 cals of 
thermal energy are eq to 53,000—0 24 
=220,800 joules of electrical enoigyper gram 



Fig. 8 — Relation between the Yields 
of Chlorine and Oxygen with Hydro- 
chlouc Acid ot TilfeLent Coneentra 


eq. , and since 96,540 coulombs will liberate a tions 
gram-oq of sodium and of chlorine , and elec- 
trical energy in joules is equal to the product of the capacity factor in coulombs and 
intensity factor m volts, 220,800—96 540=2 3 volts axe needed to liberate a gram-eq 
of sodium and chlorine, on the assumption that the electrical energy is eq to the 
thermal value of the reaction In practice a greater voltage is needed , this is in 
pait due to the expendituie of energy m overcoming the resistance of the electrolyte 
The probability of manufacturing products by the electrolysis of fused salts 
was foreseen by M Faraday 41 in 1834 before the development of the dynamo, 
which rejilaced the voltaic battery as a source of electricity on a manufacturing scale 


The capability of decomposing fused olilondes, iodides and other compounds and the 
opportunity of collecting certain of tho products without any loss by the use of simple 
apparatus, render it probable that the voltaic batteiy may become a useful and even manu- 
facturing instrument. 


Tho hydrogen gas produced during the electrolysis appears at the cathode and 
chlorine at the anode In practice it is found that -r 

in tho electrolysis of the alkali chlorides, the two ^ f ^ 

electrodes must bo separated to prevent the sodium IT jl X\ 
hydroxide formed at the cathode mixing with the Jfaff — II — 

chlorine discharged at the anode There are three imjj I* f JR 

mam types with many differences m detail 42 iggg pi 

(1) Solid diaphragm process. — A porous 

diaphragm — Portland cement, earthenware, as- 1111=1 f 

bestos, limestone, etc This permits electrolytic ==^=; 1 

conduction, and greatly retards the mixing of l||z zrz; 

the soln The Gnesheim cell 43 is a rectangular zrzrA 

steam-jacketed iron box which contains about six -■==$ 

cement cases, the walls of which act as diaphragms 5 rzr= l|||i| ^fz-ti-Cd&frocfe 

Each cement box is provided with an anode made 1 

of magnetite, and a lid and exit pipe for the chlo- 

rme The iron box forms the cathode 9 a le Sueur’s Bell Cell 

(2) Bell process.—The anode is enclosed m an (Diagrammatic), 

inverted non-conducting bell with a cathode out- 

aide. 44 E. A Ac Sueur's cell ib illustrated diagrammatically m Fig 9 The electric 
current flows from anode to cathode Chlorine gas passes out of the bell, and the 


Z=M-C&6Jrocf6 


Fig 9 — E A le Sueur’s Bell Cell 
(Diagrammatic). 
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alkali hydroxide forms about the cathode m the compm tment out side Mu* lx*ll The 
diaphragm is made of asbestos covered with iron gauze which also forms the 
cathode Fresh brine flows into the anode compartment Mnough a hole in the 
lid, and the alkali hydroxide runs from the exit pipe of the outer cell. The elec- 
trolyte is always moving from within outwards 

(3) Mercury cathode process. — The sodium is dissolved by the inereurv to 
form an amalgam The amalgam is removed from tho cell and treated with water, 
when sodium hydroxide and mercury are obtained. The mercury is returned to 
the cell to be used over and over again. In B. Ro Irtnj'n evil the mercury 

is circulated through the cell by gravity whence it flows into a separated trough, 
where it is decomposed by a counter stream ol water. The alkaline liquors are. 
drawn ofi, and the regenerated merciuy returns to the cell. Tho mercury is cir- 
culated by an Archimedean screw In H. Y. Castner’s process (I8t!fl)™ illustrated 
in Fig. 10, the reaction between the water and tho mercury amalgam taken place 
m the cell itself The cell is nearly obsolete, but it illustrates the principle* very well. 

Each cell has throe compartments Tho two outer compartments arc fitted with 
graphite anodes (-j-) , and tho midcllo compartment ih iittod with an mm grid ( ) In servo 

c t\s cathode Tho nou-poroiH partitions do not 

reach quite to tho bottom of Urn roll but dip 
into a layer of mercury covering tho bottom. 
A solu oi ullcah chloride flows through tho 
two outer colls, and water through tho mner 
oompai tmont. Tho brine m tho outer com- 
partment ih decomposed by tho electric 1 current 
into chlorine at tho anode and Hodium at 
tho cathode Tho latter dissolves m the mer- 
cury, at tho cathode, ancl tho chlorine at 
the anodes escapes via tho exit pipes. Tho 
sodium amalgam diifum vsinto tho inner chamber, 
and there, coming into contact with tho water, 
is immediately* decomposed into sodium hy- 
droxide and moroury. The hydrogen escapes 
through tho loosely Jitting cover. Tho Hodium 
hydroxide is run into a special tank as required A slow rocking motion is imparted 
to the cell during the electrolysis, by an eccentric wheel, so as to make the mercury flow 
from one compartment to tho other along tho bottom of the ctoll 

In 0. E Acker’s process (1898), now abandoned, 47 sodium chloride was electro- 
lyzed in a cell in which molten lead was used as cathode, and a carbon rod as 
anode During the electrolysis, the molten lead dissolved Mm sodium forming an 
alloy , the chlorine was drawn oil from tho anodes. Tho alloy of lead and sodium 
was decomposed by steam *Lo form hydrogen and sodium hydroxide. 


, Water or di tote 
r sodtum hydroxide 



\ Mercury 
amalgam 


Fig 10 • — H. Y. Costner’s Rocking Coll 
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§ 8. Th© Preparation oi Bromine 


Bromine is nob -usually prepared in the laboratory, but if desired it run be 
liberated from potassium bromide by processes analogous with tho.se employed 

will i Horlium chloride, namely, 1 he act ion 



of heat on a mixture of munguneHo 
dioxide, potdHHium bromide, and sul- 
phuric acid Unlike chlorine, (he bro- 
mine evolved readily condenses in a 
liquid at ordinary temp, ho that in place 
of a Hunk, a tabula tod retort is employed 
as illuHtrated in Kig. IK In all leelmical 
processes the bromine i« liberated from 
its compounds by the action of chlorine, 
for if chlorine lie pawed into a liquid 
containing a bromide until the yellow 
or reddish colour no longer increases 
in intensity, the chlorine will have dis- 
placed all the bromine: MgRr^l CL 
— MgCJL | Ihv If an excess of chlorine 


, * t a t T) i is i UBet ^ soine l ,r °inine chloride will be 

formed.. in A J. Balard a historic process, the liquid was shaken up with ether — 
or some other suitable solvent, say, chloroform — in a separating funnel ; under 
these conditions most of the bromine leaves the aq. liquid and collects in the lighter 
ethereal layer The lower aq , layer is run off, and an aq. soln. of potassium hydroxide 
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is added to the reddish-brown ethereal layer, the bromine forms a mixture of potas- 
sium bromide and bromate. The soln is evaporated to dryness and treated with 
manganese dioxide and sulphuric acid This process is too costly on a large scale. 

Bromine was formerly ob tamed from the mother liquid remaining after the 
separation of sodium chloride from sea-water, a certain proportion of bromine 
was also extracted from the lixivium of the ash of seaweed, but the proportion m 
seaweed is small — about one-tenth that of the iodine The manufacture of bro min e 
from the bnne springs of America was commenced at Freeport in 1846 by D D Alter, 
and the manufacture from the salme waters about Stassfurt 1 was commenced m 
Germany in 1865. The discovery that bromine could be profitably extracted from 
the Stassfurt salts reduced the price of that element from about 38s. 0 d to Is 3 d. 
per lb. 


Motbrme 


About 1837, F Mohr 2 separated the bromine m the mother liquids of salt springs 
by treating them with pyrolusite and sulphuric or hydrochloric acid He showed 
that at least 5 per cent of acid must be present or an appreciable amount of bro min e 
will not be formed. The raw material now employed is camallite which contains 
from 0 25 to 0 42 per cent, of bromine The mother liquid remaining after the 
separation of the potassium chloride 
from camallite contains from about 
015 to about 0*25 per cent of brommo 
in the form of bTomocarnallite In 
A Frank's first process 3 the bromine 
wa.s obtained by mixing the mother 
liquid with sulphuric acid and man- 
ganese dioxide, and heating the mixture 
by blowing in steam The mixture of 
steam, bromine, and chlonno was cooled 
m a spiral tube. The condensate 
separated into two layers, a heavy 
layer of bromine contaminated with 
chlorine, and a lighter aq soln of chlo- 
rine and bromine. The latter was 
added to the next charge m the still, 
the former waB reserved for purifica- 
tion. The fumes from the condenser 
wero passed through a towcT packed ] 7 ia 12 — Rocovciy of Brommo from Camallite 
with iron turnings which arrested the Mother-liquors 

chlorine and bromine It was found 

that a considerable loss of time, and of chlorine and hiomine wot© involved in 
periodically emptying and charging the still Continuous processes were therefore 
devised by R. Wunsche and R. Sauerbrey, 4 and K. Kubierschky. 



Chfor/ne 

Wast e 
liquor 


Tho principles of the oontmuous system are as follows The hot mother-liquor con- 
taining tho bromine is allowed to percolate steadily down a tower A , Fig. 12, packed with 
earthenware balls , the descending liquid meets an ascending stream of chlorine gas The 
magnesium bromide is decomposed . MgB^-f-Cla^MgCla-fBra The excess of chlorine, 
and tho brommo, rising from an exit at the top of the tower, descend, and pass to the 
condenser wliore most of the bromine is condensed m a cooled worm-tube, B, and collects 
m the bottle U , tho uncondonsed bromine vapours and chlonno pass into a tower D packed 
with iron turnings kept moist by watoi The liquid leaves the base of the tower along 
tho some pipe which brings in the clilormo gas, and runs into a tank beneath the ground 
The liquid is forced to flow through this tank to the oxit pipe near the bottom in a zig-zag 
direction. The inflow and outflow of the liquid m this tank is so arranged that the level 
remains the aamo. Steam is blown into the liquor md the pipe B Most of the chlorine 
and bromine rise to the space above the level of tho liquid where they are carried along to 
tho tower with the stream of chlorine from the gonorator Waste liquid runs from the 
underground tank. 


The electrolytic processes 5 for separating chlorine from liquors containing 
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bromides arc analogous -with those employed for clilormc. The liberated bromine, 
however, remains m soln , and has to be separated by distillation 

The purification oi bromine. — The first product ol the extinction contains 
as impurities, 6 iodine cyanide, carbon bromides, bromoform, and 1 to 4 per cent, 
of chlorine This is purified before it is put on the market, and much of tin 1 bromine 
on the market ib either free from chlorine or contains at most up to 0 IS per cent. 
The chlorine is removed by distillation from alkali, calcium, or ferrous bromide. 7 
This is the most convenient and effective method of eliminating chlorine. If the 
bromine is initially very much contaminated with chlorine, a repetition of the 
treatment afteT converting the bromine into a bromide may be advisable where a 
very high degree of purity is desired S. Piria 8 added baryta water until the 
bromine is decolorized and evaporated the mixture to dryness. On calcination 
the organic matter is destroyed, and oxy-halides are transformed into the simple 
halides The mass is then treated with sufficient bTommo to displace iodine from 
iodides and again evaporated to dryness and calcined. The remaining mixture of 
barium chloride and bromide was leached with alcohol, which is said to dissolve the 
bromide and leave the chloride undissolved. The bromine is recovered from the 
bromide by heating it withmanganese dioxide and sulphuric acid. A. A. B. Bussy 0 
removed iodine by precipitation as cuprous iodide , A. Adiiani, by treatment 
with starch paste. The most convenient and effective method of removing iodine 
is that suggested by S. Pina, namely, converting the bromine into a soluble bromide, 
and boiling the soln with a little free bromine. A repetition of tlio treatment 
is advisable when the bromine is very much contaminated with iodine. 

P 0. E M Terwogt agitated the bromine with an excess of water for two or throe 
hours, and removed the bromine by means of a separating funnel. The bromine 
was then mixed with potassium bromide and a little zmo oxide, and distilled. The 
distillate was collected under water and redistilled. Tlio product was dried by 
standing over phosphorus pentoxide, and finally distilled onco again. J.K. Stas 10 
employed a somewhat analogous process in 1881. According to A, fteott, this 
treatment removes chlorine and iodine but not organic chlorides and iodides ; there 
is also a risk of the zinc oxide contaminating the product with nitric acid owing to 
the difficulty of purifying zinc oxide free from nitrogen. 

A Scott prepared highly pur© bromme by boiling 1500 grms. potassium bromide m an 
equal weight of water first with a few crystals of potassium motabisulpbito and about 5 
of cono. sulphuric acid, then adding 100 e.o. of sat bromine water, distilling oft tlm oxoohh 
of bromine, adding another 100 o.o of bromine water, distilling off ouoo more, mul, after 
neutralization with potassium carbonate, evaporating to dryness. The dried bromide 
was now fused with potassium chchromate (which had previously boon hmed) m the pro- 
portion of 600 grms. of bromide to 200 grms of dichromato. This loft an excess of 
bromide sufficient to retain any quantity of chlorine likely to bo present. 1050 grms. of 
the fused mass, broken up into pieces the size of hazel nuts, wore now treated with a void 
mixture of 460 c c. of cone, sulphuric- acid with 700 e.o. of water Any organic matter 
S™ 1 ® * mxfc ure was destroyed by adding a small quantity of potassium permanganate. 
The above quantities gave about 470 grms. of brommo, and on the addition of an oxoohh 
of dichromate a further 30 grms. of bromine wore obtained, which ought to contain nil the 
ern^mo The^parffied bromme was dissolved in a soln of potassium bromide- freed from 
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§ 9. The Preparation o£ Iodma 

Iodine is displaced .from the iodides by any one of the other three halogens — 
fluorine, chlorine, ox bromine. If an 'excess be used, a compound of iodine with 
the halogen may be formed Iodine can be obtained from iodides by a process 
analogous to that employed for chlorine from chlorides and bromine from bromides, 
namely, by heating the iodides with manganese dioxide and sulphuric acid 
2KI+Mu02+2Jl 2 S0 4 “K 2 S0 4 +MnS0 4 +2H 2 0-{-I 2 The iodine vapour con- 
denses m the cooler part of the retort in almost black crystals Some potassium 
bisulphate, KHS0 4 , as well as the normal sulphate, K 2 S0 4j is formed at the same 
time. The direct action of nitric acid or cone sulphuric acid also liberates iodine 
from iodides In symbols . 3H 2 S0 4 +2KI=2KHS0 4 +2H 2 0+S0 2 +l2' in the latter 
-case, and 4HN03+2KI~2KN0 8 +2N0 2 +2H 2 0+I 2 m the latter Various oxidizing 
agents also h borate iodine Jfrom the iodides — thus, with ferrio chloride, FeCl 3 , the 
reaction is symbolized: 2KI+2FeCl 8 — 2KCl+2FeCl 2 +l2 

Most of the iodine of commerce is derived from the ashes of certain varieties 
of seaweed, or from the mother-liquor — aqua viqa — remaining after the extraction 
of sodium nitrate from the caRche of Chib. Methods have been also proposed for 
extracting iodino from blast furnace gases, 1 from natural waters, 2 and from natural 
phosphates ; a but they have not proved to be of any commercial importance m 
view of the relative abundance of the Chilian supply Not much progress has been 
made by electrolytic processes T Parker and A E Robinson 4 proposed to 
cloctroylze a soln. of the alkali iodide acidified with sulphuric acid, m a cell with a 
diaphragm separating the platinum or carbon anode from the iron cathode The 
iodine which separated at the anode was to be washed with water, and dried by 
hot air 

Formerly all the iodine was made from the ash of seaweed, and potash was a 
remunerative appendix to the iodine industry ; but ]ust as the Stassfurt salts 
killed those industries which extracted potash from other sources, so did the 
separation of iodine from the caliche mother-liquors threaten the industrial extrac- 
tion of iodine from seaweed with extinction Iodme m a very crude form was 
exported from Chili in 1874 — e g a sample was reported with iodine 52 5 per cent , 
iodine chloride, 3*3 , sodium iodate, 1 3 , potassium and sodium nitrate and sulphate, 
15*9 ; magnesium chloride, 0 4 , insoluble matter, 1 5 ; water, 25 2 per cent About 
that time much of the iodine was imported as cuprous iodide. This rendered 
necessary the purification of the Chilian product , but now the iodine is purified 
in Chili before it is exported The capacity of the Chilian mtre works for the ex- 
traction of iodine is greater than the world’s demand. It is said that the existing 
Chilian factories could produce about 5100 tons of iodine per annum whereas the 
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world’s annual consumption is about 500 tons 5 In order to prevent the rutting 
of prices by competition, the Chilian manufacturers have combined to i (‘strict the 
output, and keep the supply as nearly as possible equal to the demand. Ah a result., 
a definite maximum is allocated for each works per annum , so that the plant for 
the extraction of iodine m any particular woilcs is rarely at work more than a few 
months each year. A httle iodme ib yet made fi om seaweed in Kent land, in Noi w a y f 
and m Japan. 

The extraction of iodine from seaweed. — The deep-sea drift- weed which 
is washed on to the western coasts of Ireland, 6 Scotland, 7 ’Frunen, and Norway 
during the stormy months of spring is collected, dried, and burnt in shallow pits* 
The product is called kelp (formerly hlpe, a word of unknown origin) oi vnrva or 
kelp-ash in the United Kingdom, and m Franco, says 3\ Lcbeau, 6 <;w Ir th ,s itpiv ptn/tns 
sous le nom de kelp ou salm On the Normandy coast, the iorui vartvh is applied 
generally to the drift-weed or mack which is thrown on the coast by the sea ; and 
the ash is called kelp or salm de varech or cend?cs de varcch . 

If the drift- weed were to be burnt to a loose ash, it would furnish 26 to 80 11 ih. of Iodine 
per ton. , m practice, it rarely contains more than J 2 lbs. por ton Tlin low yield m dun to 
faulty treatment m calcination — a.g (i) burning at too high a temp, which couno** the 
volatilization of part of the iodine, and tlio fusion or fluxing oE the ash with Hand and 
pebbles , and (u) imperfect protection of the kelp-ash from tho weather -whereby nemo of 
the soluble iodides ore washed out by ram. High temp, burning also reduees some of the 
sulphates to sulphides, which later causes a high conBiunjition of add por unit of iodine. 

In 1862, E. 0. C. Stanford 9 proposed tho carbonisation of tho drift- wood in 
closed retorts so as to recover tar and ammomacal liquor in hu it u bln oondoikserH. 
This modification did not flourish because of the subsequent dillicidtios in extract mg 
soluble iodides from the charcoal V Vincent (1016) claims that mdn containing 
aluminium sulphate extract the alkali iodides from seaweed leaving behind tho 
organic matter which prevents the direct precipitation* of iodine or iodides, Thu 
alkali iodide soln ib treated with copper sulphate for cuprous iodide, or by w»ln. 
of sulphites for iodine M. Paxaf and J, A Wanklyn proposed to heat tho drift-weed 
first with alkali hydroxide so as to form oxalic and acetic acids, which could be 
crystallized from the lixivium. The economical treatment of seaweed for iodine 
has been discussed by A Puge. 

ECO- Stanford proposed boiling the seaweed with sodium carbonate, the washed 
residue being termed algulose ; the acidified filtrate givin a pivoipiLato ot what hu i*utlcd 
dlgimc acid or insoluble algin The fillrato was evaporated to clry new, eiirlnmi'/.(Ml, imil 
called kelp substitute , it contains the iodine and pot ohm um sallH of tho original Houuccd. 
The insoluble algm was converted mto the sodium salt and called alytn nr Htitnbtr ahjtn . 
Alginates of alumimum, iron, copper, and many other metals are precipitated directly by 
adding a metallic salt to tho Boln of algm It wan fmthor proponed to use alguloso 
for making a transparent tough paper, and mutations of bona or ivory , nlgm. ax u 
substitute for gelatine; alumimum alginate m making a waterproof vurundi, mid »w tx 
mordant in dyeing, copper alginate diRHolved m ammonia, oh a waterproof vurnmh. 
The proposals did not prove a commercial success. 

The kelp contains 45 to 70 per cent, of soluble salts ; (V5 to 1*3 por cent, of 
iodine; and 30 to DO per cent of insoluble matters. The kelp is extract i‘d with 
hot water, and the soln. fractionally crystallized , the mother liquid is It unit'd for 
iodine 

The kelp is crushed mto lumpB — say, one to two inches diameter- amt extracted with 
water in rectangular iron vats with falso bottoms, healed by Ktoam, Tim liquid of np. gr* 
1 200 to I 265 is decanted mto opon iron boiling pans whore it is evaporated down to u 
sp gr of I 325 ; tho salts — mainly potassium sulphate (50-00 per cent.) mixed with sodium 
sulphate and chlonde — which separate by crystallisation during tho evaporation tuv 
removed The hot liquid is run into cooling vats whore crystals of potassium cldonde 
separate The liquid is again boiled down, and crystals consisting mainly of sodium 
chlonde with 8 to 10 per cent of sodium carbonate — and called kelp Halt — separate from 
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tho hot liquid , the hot liquid, decanted into cooling vats, furnishes crystals containing 
80 to 95 per cent potassium chloride and called iminate These operations are repeated 
soveral times. Tho mothoi liquid is mixed with about one-seventh its volume of sulphunc 
acid, free fiom ai&enic, the polysulphides and thiosulphates are decomposed with the 
separation of sulpliui , some hydrogen sulphide and sulphur dioxide is evolved The 
liquid is allowed to settle for 24 hrs m closed lead-lmod wooden vats, and decanted for the 
extraction of iodine The sediment is steamed for a long time to remove adsorbed iodides 
^ i -u sulphur waste — containin g 70 per cent of sulphur, is used m making 

sulphuric acid The sulphate salts are used for manunal purposes m agriculture , the 
muriate can bo used in the manufacture of potash salts , the kelp salt is uns aleable , and 
the msolublo mattor m the hxiviation vats, which consists principally of calci um and 
magnesium carbonates and phosphates, was once used m. making common bottle glass. 

Many processes have been proposed for separating the iodide fronfthe mother- 
liquor resulting from the fractional crystallization of the aq extract of kelp. 
A Pay on 10 treated the acidified mother liquid with chlorine, or with potassium 
chlorate which in conjunction with the hydrochloric acid furnishes chlorine An 
excess is avoided or iodme chloride will be formed The precipitated iodine is 
washed, dried, and sublimed Bromine is extracted from the mother liquid by 
neutralizing the acid, evaporating to dryness, and distillating with pyxolusite and 
sulphuric acid F J Porsoz, L Boirault, and others have recommended adding 
copper sulphate mixed with iron filings or ferrous sulphate. The precipitated 
cuprous iodide, Cul, when heated with manganese dioxide, gives off . iodine : 



Era 13 — Iodine Still with Two Trams of Udell Condensers 


3Mn0 2 +2CuI=2Cu0+Mn 3 04H“l2 T. Schmidt precipitated the iodine aB lead 
iodide, Pbl 2 E Monde precipitated the iodine by treating the liquor with nitric 
acid ; J. Pcllieux and M Launay, used nitrous vapours , R. von Wagner, ferric 
chloride , M Luchs, a mixture of potassium dichromate and sulphuric acid ; and 
L Thiorcclm and L Paure, sulphur dioxide or bisulphites In the Scottish process, 
the liquor was boated in stills with sulphuric and manganese dioxide as recommended 
by W H Wollaston, J J Berzelius, and others The iodine sublimes 

Each still eonnihlH ot an iron pot covered with a leaden lid to which are luted, say, two 
oarlhonwain amiH each of which is connected with a tram of about five stoneware aludels 
(jl udcllH supported on a woodon hamowoik as illustrated m Fig 13 Each udell has a 
t t-ouowaro stopper below ho ah to pormit condensed water (with tho 3 halogens in solution) 
to be drained off as required Manganobo dioxide is added to the liquid The still ib heated 
by an open fire, and iodine and Htoam are evolved Tho liquoi from the still is a troublesome 
waste product. The iu lolls are emptied when reqmied Tho bromine is in too small a 
quantity to pay to collect Tho iodine from the udolls requires further purification 

The extraction ol iodine from caliche. — The mother-liquor — aqua vieja — 
remaining after the extraction of sodium nitrate from caliche in Chili, contains 
sodium nitrate, chloride, sulphate, and lodate as well as magnesium sulphate The 
iodine content of this liquid amounts up to about 0 3 per cent. , as the original 
caliche has about 0 02 per cent , the iodine thus accumulates m the mother liquid 
during the extraction of the nitiate. The mother liquid is run into wooden vats, 
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and treated with, sufficient sodium bisulphate to reduce part- of the cord aim'd iodic 
acid to hydriodie acid: 6NaHS0 3 +2H10 3 =3Nft a S() r |-.‘)Il i .KO r | 2111 ami to 
set the right proportion of iodic acid to reduce the remaining Indnodic acu.l lo 
iodine H10 3 +5HI=3H 2 0+3I. 2 . The soln is well agitated, and then neutralized 
■with the so-called sal nation liquor After agitation, the liquid is allowed to nettle. 
The iodine is removed pressed into cakes, dncd, and slowly sublimed ill cast iion 
retorts fitted with udells as indicated m Fig 13. The mother liquor- - ealled aqua 
feWe — is returned to the nitrate extraction tanks and is used over again. 1,1 


The sal nation liquor, piopared by heating crude mtiato from the aqua ru fti tanks 
with 15 per cent of coal dust, is made mto a cone 5 fl high Willi a kind of moivt- dug round 
the base of the cone Tho oono is sat with water and ignited The mule Helium car- 
bonate formed fuses and inns into the pit Tho pioduot dissolve *d m wider tonus tho sal 
natron liquor Tho sodmm bibulpliate soln is made by pasHing tho fumes nt burning 
sulphur mto tho sal nation hquor Tho liquid acid is then ueid enough to liberate indie 
acid from todates 


The recovery ol iodine from waste liquids. — F. Beilutotu lti recovered 
iodine from laboratory residues by evaporation to dryncas with an excess of sodium 
carbonate and calcination until ike organic mailer is all 
oxidized Tho mass is dissolved in sulphuric, acid and treated 
with, the mtious fames, obtained by treating starch with nitric 
acid, until ail tho iodine is pTOi ipituled. Tho iodine is wanked 
m cold water, dried over sulphuric acid, ami sublimed. Other 
oxidLzmg agents loss unpleasant than the nitrous fumes em- 
ployed by J?. Beilstein — e.y hydrogen peroxide wen 1 recom- 
mended by G Torossian for the residues obtained in copper 
titiations F, Beilstcm’s process is applicable to soluble, but 
not to insoluble, oxidized forms ol iodine. !»\ 1). (‘halt away 
and K J P. Orton found it hotter to heat on a water bath 
the waste material, solid or soln, with aqua regin containing 
a slight excess of hydrochloric acid. This transforms t he iodine 
Fl tionof^odij^ir mto i oc * me chloride. The iodine chloride may he divided into 
Subiuaanon 10 7 two P arts ^ 0116 half decolorized by the addition of sulphurous 
acid or a sulphite, and this mixed with tho other half. All 
of the iodine precipitates at onco Iodine chloride may he dll. with an exeeas 
water and allowed to stand, when the element separates in long crystals. 

The purification of iodine. — Crude iodine contains from ih to tin per cent, 
of iodine, some iodine chloride, iodine cyanide, water, and different salts. The 
iodine of commerce is purified by washing it with cold water, drying by press., and 
subliming from heated iron retorts into udells. 1 ** The following m a convenient way 
of purifying small quantities of iodine fox analytical purposes : 14 



Gnnd, say, 6 grins of commercial iodine with 2 grmH. of potassium iodides Put ih* 
dry mixture m a small dry beakor (Fig. 14.) fifctod with a UdekoPs oondcnHor. 1 * The brttkor 
is surrounded with a cylindrical asbestos jacket (not shown in tho diagram). Waco tho 
beaker on a wire gauze, or a hot plate, and hoai tho apparatus by mourn* of a small ilotms 
The condenser is full of cold water, at the temp of tho room. When violet vapours have 
ceased to come from tho bottom of tho beaker, lot tho apparatus cool. A crust of iodine 
will be found on the condenser. Bass a current of oolu water through the contlonsor. 
The glass contracts, and tho crust of iodine can be easily removed l)y pushing it wilh a 
glass rod mto a similar beaker. The subhmation is ropoatod without tlio potassium iodide 
at as low a temp as possible Grind tho iodine m an agate mortar, and dry in ft desiccator 
over calcium ohlonde — not sulphuric acid or tho lodino may bo contaminated. If the cover 
ol the desiccator is greased, tho iodine may attack the grease, forming hyclriodio acid, 
which might contaminate the iodine 


Numerous other modes of purification have been recommended to from tho simple 
process of G. 8 SSruIlas in which the iodine is dissolved m alcohol, tho soln. filtered, 
and the iodine precipitated with an excess of water, to tho elaborate process ol 
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J S Stas, in which the utmost degree of punty was desired L L de Konmck 
heated a mixture of potassium iodide with about twice its weight of potassium 
diohromate , C Memeke precipitated iodine from a soln of potassium iodide by 
the permanganate , and G P Baxter converted iodine into hydnodic acid by means 
of hydrogen sulphide, and after boiling the filtered soln a few hours to expel hydrogen 
cyanide, he distilled the iodine with potassium permanganate. Three repetitions 
of the process gave iodine quite free from cyanides B. Lean and W. H Whatmough 
converted the iodine into cuprous or palladious iodide, and sublimed the iodine by 
dry distillation of the salt at about 250° A Ladenburg precipitated silver iodide 
from a soln of potassium iodide ; and, after Bhalang the mixture with aq ammonia 
for 24 hrs to dissolve out the silver chloride, he reduced the silver iodide with 
zinc and sulphuric acid The resulting zinc iodide was treated with nitrous acid , 
the precipitated iodine distilled in a current of steam ; and the iodine dried over 
calcium chloride M. Baubigny and P. Rivals converted the iodide into iodate by 
adding potassium permanganate to a soln of the iodide in sodium carbonate. 
Five-sixths of the soln. was reduced with neutral sodium sulphite and the iodine 
was precipitated when the reduced soln. was mixed with the remaining sixth : 
5Jn+HIOa=3H 2 0+3I 2 The iodine was filtered, washed, dried, and sublimed. 
The product was freed from chlorine, bromine, and oyamdes. G. P. Baxter oxidized 
the iodine to iodic acid and recrystallized the latter a number of times from cone 
nitric acid The iodic acid was heated to 100° to dnve ofl moisture, the temp was 
then raised to about 240°, and finally heated to 350° in a current of air. The iodide 
was condensed and finally remelted to remove all traces of moisture. P Kothnei 
and E. Aeuer found ethyl iodide boiled at 72°, the chloride at about 12°, and the 
bromide at 38°. Hence, if the halogen is transformed into the ethyl salt, fractional 
distillation enables the iodide to be separated from the chloride and bromide 

In one of J, S. Stas’ processes, the iodine was dissolved in a soln of potassium 
iodide The soln was diluted with water until a precipitate began to form, and then 
throe-fourths of the amount of water required to precipitate all the iodine were added. 
The separated iodine was washed free from potassium iodide by decantatipn. the 
crystals, after draining, were dried over calcium nitrate m vacuo, and then distilled 
twice from barium oxide. In another process, J S Stas purified the iodine by 
first treating the iodide with ammonia which converts about 95 per cent of it into 
the explosive nitrogen iodide. The washed nitrogen iodide decomposes quietly 
when warmed with an excess of water J. S Stas thus describes the procedure : 

Powdered iodine is added to a cold oono. soln. of ammonia m a large flask until the 
dark brown liquid is nearly colourless The resulting nitrogen iodide as washed by decanta- 
tion with cold oonc. ammonia until the ammonium iodide is removed The nitrogen 
iodide is placed on a funnel with its neck drawn to a fine point, and washed with cold water 
until the colour of the compound changes to brown, and the wash water is yellowish-brown. 
The moist iodide is placed m a large glass flask with ten times its weight of water, and slowly 
heated on a water bath to 60° or 66°. IE the temp be raised above 65 , before decomposition 
is oomplote, an explosion may occur The nitrogen iodide decomposes forming crystals of 
iodmo, a solution of iodme in ammonium iodide, and a whito substance — possibly ammonium 
iodate. When the decomposition appears complete, the liquid is warmed up to 100° tor a 
few minutes. The Bolid iodine which separates out on coohng is washed with water on a 
funnel with a drawn-out nook ; and afterwards distilled in steam. The iodate is not 
volatilized The iodine is dried over calcium nitrate ; twice distilled from admixture 
with about 5 per cent, of finoly powdered purified barium oxide ; and finally sublimed alone 
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P Kothner and E Aeuor, ib , 37 2530, 1904; M Baubigny uu<l P, Uivuls, Com id, KnuL, 137 
927, 1903 ; J, L Mayor, Amet Journ. Pharm , 87 154, 1915 ; <{. Pimqti^, Butt. Sot. (' htm ( I), 

19 270, 1910 , W H. Miller, Ann Chim. Phys , (3), 9, 400, 1843 ; A MitHt*herUeh, *S‘tL5r r. /Had, 
Berlin, 409, 1866; G. S Sfoillas, Ann. Chim. Phy (2), 42. 200, 1829. 


§ 10. The Physical Properties o* Chlorine, Bromine, and Iodine 

At ordinary temp, fluorine is a gas •with a palo canary-yellow colour, chlorine is 
a gas with a greenish-yellow colour, bromine is a dark reddish-brown liquid which 
readily forms a reddish-brown vapour when warmed ; and iodine is a dark bluish- 
blaok crystalline solid which gives a violet- coloured vapour when healed. The 
colour of the halogen gases is therefore deeper and more inclined to the violet end 
of the spectrum, the greater the at. wt. The colour of bromine and chlorine 
gradually becomes paler as the temp is reduced At the temp, of liquid air, bromine 
is pale yellow, chlorine almost colourless. J. H Kastle i tried to show that the 
characteristic colours of the halogens can be explained on the assumption that the 
molecules are slightly dissociated even in the solid state, and the observed colour 
jfl that of the dissociated halogen. He based his argument mainly on the facta : 

6 h a l°g eri9 18 inversely as their chemical activity ; (2) tho least 
stable halogen compounds axe the most highly coloured ; (3) on heating, the halogen 
compounds become deeper m tint , (4) the change of colour of bromine on cooling 
is thus said to be an effect of diminished dissociation (iodine is stccl-grev in colour 
at — 190° and at ordinary temp ). ° J 
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The odour of chlorine is most disagreeable and suffocating ; if but small 
quantities of the gas are present its odour recalls that of seaweed Chlorine attacks 
the membrane of the nose, throat and lungs producing irritation, a kind of bronchial 
coughing, and spitting of blood , the lungs become inflamed, and this is followed by 
painful death. M von Pettenkofer and K B Lehmann 2 found that 0 001 to 
0 005 per cent, of chlorine m the air affected the respiratory organs ; 0 04-0 06 
produced dangerous symptoms whilst concentrations exceeding 0 06 per cent, 
rapidly proved fatal. Bromine like chlorine has a very unpleasant irritating smell ; 
it attacks the eyes very painfully, and is an irritant poison , when m direct 
contact with the skin it produces troublesome sores M. von Pettenkofer and 
K B. Lehmann add that men cannot stand more than 0*002 to 0 004 per cent if 
not habituated , and if habituated, not more than 0 01 per cent. The smell of 
iodine is not so obtrusive since it is solid at ordinary temp ; it too has a faint 
smell recalling that of chlorine, but is less unpleasant and less irritating 

The crystalline forms of the halogens.— According to W. Wahl, the crystals 
of chlorine, bromine, and iodine belong to the rhombic system, 8 and they are 
isomorphous The crystals are Btrongly doubly refracting in sections both parallel 
and at right angles to the longest axis , and the extinction between crossed nicols 
is parallel to the longest axis The optical properties of crystals of bromine axe 
sunilar to those of chlorine , the crystals have a tendency to develop prismatic 
forms, and the prismatic cleavages — angle 70° — are very distinct. H Aictowsky 
obtained slender oarmmo-rod needle-like crystals of bromine which recall those of 
chroimo anhydride. From B. J Karat en’s and POEM. Terwogt’s observations 
on the m p. of the binary systems, Cl-Br, Cl-1, and Br-I, the halogens can form 
a continuous series of mixed crystals, and they thus appear iBomorphous. 
E. Mitsclierlich showed that it crystallizes m the rhombic system with a 
prism angle of 67° 12' ; and E. S. von Federoff found that some crystals on 
the asbeHlos stopper of a reagent bottle contained both the ordinary rhombic tablets 
and prisms belonging to the mono clinic system Both forms can be obtained fxom 
soln. in carbon disulphide, chloroform, petioleum ether, and alcohol. The mono- 
climc crystals are formed by rapid evaporation, the rhombic form by slow evapora- 
tion V KurbatoA found tho sublimation of iodine above 46 5° gave the ordinary 
rhombic crystals, and at lower temp the monoolinic crystals Hence, it has been 
said the iodine is dimorphous with a transition point at 46*5°. W. Wahl could not 
find a transition point by cooling the ordinary form down to — 180°, and considers 
it iB not probable that there is a transition point. He believes that the ordinary 
form is stable at all temp , and that the monochnic prisms belong to a monotropio 
form with a marked temp limit of formation, and apparently with a low velocity 
of transformation at ordinary temp. 

With ohlorino, tho polarized light travelling parallel to the cleavage axis is more 
strongly absorbed, and the transmitted light a deeper yellow with a greenish tint 
than that passing in directions at right angles to the principal axis ^ There4s a slight 
difference in the degree of absorption in the two directions at right angles to the 
principal axis. Tho crystals of bromine are pleoohroic, being dark brownish-red in 
tho direction of the prism axis ; yellow-red in the direction of a line bisecting the 
smaller prism angle; and pale yellowish-green in the direction of the line bisecting 
the larger prism angle. The change in colour of solid bromine from brownish-red 
to nearly black at the m p., and pale yellow at the temp, of liquid air, and to a still 
paler tint at the temp of liquid hydrogen, is principally due to a gradual disappear- 
ance of the strong trichroism which it preserves near the m.p. The crystals of iodine 
appear black or light reddish or leather brown according as the polarized light is 
transmitted with the direction of the pnnoipal axis parallel to the plane of polariza- 
tion, or at right angles to the principal axis The pleochxoism of these three memh era 
of the halogen group increases m strength and character as the at. wfc. increases — 
the colour of the strongest absorption in chlorine is the same as the weakest m 
bromine ; and the strongest in bromine, about the same as the weakest m iodine 
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The behaviour of the halogens towards the gas laws.- <>»<- hln> of clilorinn 
gas at 0° and 7G0 mm , latitude 45°, and at sea-level, weighs .'5 Hi«7 grins , when a 
litre of oxygen tinder similar conditions weighs 1 12900 gitns 1 he theoivriiMl 
density with respect to an is 2 '1101 — under staudiud conditions the value 
observed by J L. Gay Lussao and R. J< Thcnard 1 is 2 47 ; It. Ruuscn, 2 I IS2 ; 
A Leduc 2-491, H MoissanandA B du dassoimcix. 2 190 grins According lo 
E. Ludwig, 6 the vapour density, D, of the gas at a temp O ' between o' and 2( K) J 
is £==2 4855—0 000170. According to H. Jahn, above 200', c.Iilomie follows 
Boyle’s law exactly ; M Pier found that the eoelT. ol (‘xpausion a in t he c\|iression 
v=Vx(l+a0) botwoen 0° and 50 21°, a- 0 002872, between 0" und 100 4 , 
a=0 003833, between 0° and 150 7°, a— 0 003814; and between O’’ und I8t°, 
a=0 003804 Similar observations apply to the constant fi m tho expression 
jj==p o (l-)-j30), which decreases fiom 0 003807 at LOO" Ui 0 003774 at 181*1’. With 
Tiaing temp or decreasing press , tho behaviour ol chlorine appio\mintrB more and 
more nearly to thatof an ideal gas Jl Knietsch’s values fi foi J. I). van der Winds 
constants are : 


f , 0 01083 


)(v 


- O’cmifio) 


RT ; 


and for bromine, a=0 01434 , &=Q 00202. 

The vapour densities. — The observed densities of ohlnuno, air unity, are 

o° loo 0 tinu * o'lul'sm' mou* 

Vapour density . . 2'4910 2*4(11 15 2* I MO 2*i. r »0 i\ 2*0*2 


The ideal value of Cl 2 is 2 1491 The greater density of chlorine below 200° is 
attributed by M Pier to polymerization into <’l 4 molecules ; and on this assumption 
lie has calculated the degree of dissociation ( 4 J t 2(!1», corresponding wit h tho devia 
tions of the observed densities from the ulcnl value. This assumption m not sup- 
ported by other evidence, for the molecular condition of liquid chlorine appear* 
to be the same as the gas, Cl 2 . Tho vapour densities of chlorine at high l <* 10 ])., 
determined by V. Meyer and his co- worker, 7 have a value lower than tin* normal, 
and indicate that chlorine is appreciably dissociated into one atom molecules; 
C1 2 =2C1 3 at temp, exceeding 600° % or else that the coetT oT expansion of chlorine 
is greater than normal M Being anum obtained no evident 1 !* of dissociation at 
1137° if precautions bo taken to prevent errors arising from the tendency of 
chlorine to diffuse through the walls of tho apparatus. 

Bromine forms a reddish-brown vapour at ordinary temp, with a vup, pi ess. 
of 138 1 mm at 15°, at which temp. JS. i > Pcrman 8 found the vapour density at 
15° to be quite normal, but according to XL Jalm, it is rather higher than the normal 
value 5*5149 if air be unity or 79 92 if oxygen 10 bo the unit, for at H)2T“ 1m fotm I 
5*7280 ; at 175*58°, D 6040 ; at 227*92°, 5*5243 ; and ho represents tho observe 1 
vapour density, Z), at 0° by the empirical formula J) - 5*8091 0 001530, JL Jahn 

assumes that the molecules are polymerized at tlio lower temp, ami that with rising 
temp, or decreasing press,, say, by dilution with nitrogen, the density approaches 
the normal value corresponding with two-atom molecules, At higher temp, the* 
, vapour densities are lower than tho normal value, and this the more the higher the 
temp It is therefore assumed that there is an increasing dissociation : '2 Hr 

with rise of temp. ; and calculations from tho observed deviations of the vapour 
density from the ideal value for Br 2 show that the percentage dissociation at 


Dissociation 


800° 850° 

0*16 0 20 


900° OGO 6 

1*48 2 53 


100° 1050' 

3 98 tl-3 0 


1 8 3 per cent* 


M. Bodenstem and F Cramer represent tho relation between tho dissociation and 
temp, by the formula 


log E,=-10100T-1+] 75 log T-0-0004090T-K-70xiU- 8 2 , a-(.o*C48 
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Similar results have been observed with iodine, but the dissociation 0 is much 
more marked at even lower temp The theoretical density for the two-atom molecule 
is 8 758, air unity ; or 126 92 oxygen=16 , and for the one-atom molecule the 
theoretical density is 4 379, air unity When iodine vapour is heated above 700° 
its density diminishes steadily up to about 1700°, when it becomes constant at half 
its value at the lower temp. 


Temp . . 480° 855° 1043° 1275° 1390° 1468° 

Vapour density 8 74 8 07 7 01 5 82 5 27 5-06 

Dissociation . 0 8 8 26-5 50 5 66-2 73 1 per cent 

Without doubt, the iodme molecule. I 2 , dissociates into atoms • I 2 =I+I. The 
state of the system m equilibrium will be represented by hCn=k'C-p If x denotes 
the proportion of iodine dissociated, and v the volume of the iodme vapour, then, 
since v volumes of iodme vapour become 2v volumes of dissociated iodme vapour, 
it follows that the concentration of the dissociated iodme will be x/v 9 and of the 
undissooiated iodine (l—x)/v Hence for equilibrium 




x 2 

(1 — x)v 


In every mol. of iodme (I 2 ) at 1043°, 0’25 mol. will be dissociated ; hence, sc 2 =0*0625 ; 
1 — cc— 0 75 ; and K — 0 0833/v. To evaluate v, Temember that one mol. of iodme 
vapour at 0° and 760 mm occupies 22*3 litres , and at 1043°, 107*5 litres. This 
quantity of gas contains 0 25 more molecules of iodme because of dissociation, and 
hence its volume is 107 5+1 of 107 5=134*4 litres Hence K=0 0833-7-134*4 
=0 00062 ; or k k '= 0 00062 - 1 ; or 1 * 1600 (nearly). Otherwise eaqpressed, 
#12 =1600 Cj 2 , that is, the atoms of iodine will unite 1600 times as fast as the molecules 
dissociate under such conditions that unit concentration of each is present 
The dissociation of iodme molecules is a unimolecular reaction because one mole- 


cule is concerned in the reaction ; and the formation of the two-atom molecule 
by the union of two one-atom molecules is a bnnolecular reaction because two 
molecules are concerned in the process 

G Starck and M Bodenstem represented the relation between the dissociation 
constant K v and the absolute temp T, by the relation log 10 JT P =--7761 DOjT^+I 75 
log T — 0 00041566T+0 422, which is closely in accord with observations : 


Temp. . . . 1073° 1173° 1273° 1373° 3473° K 

Log l0 K (Observed) . -1 945 -1 325 —0 782 -0*309 -0*091 

Log 10 K% (Calculated) . —1 956 —1 340 —0 771 —0*311 —0*084 


For the sake of comparison, the dissociation constants K of chlorine, bromine, 
and iodme are respectively 0 01 (1670°), 0*06 (1050°), and 0 66 (1390°). The heat 
of dissociation I 2 s=*2I, calculated from G Staiok and M Bodenstem's equilibrium 
measurements is 35 67 cals, at 1073° K., and 39 64 cals at 1473° K. ; while G N Lewis 
and M. Randall calculate that the increase of free energy in passing from I 2 to 21 
is 35650— 3*50T log T+0 00207 T2 — 1*99T cals I Langmuir obtained evidence 
of the formation of atomic cMorine by heating chlorine under a low press by means 
of a tungsten filament as in the analogous production of atomic hydrogen — q v. 

The specific gravities of liquid and solid. — The sp. gr of liquid chlorine 
has been determined by R Knietsch 10 over a range of temp from —80° to 77°, 
and A. Lange has also obtained results m close agreement with those of R Knietsoh. 
The latter represents his sp. gr D at the temp 0, by the empirical formula* 
D=l"6588346 — 0 002003753 (0 +80) — 0*000004559674(0 +80) 2 , with a mean error 
±0 00148, E M. G Johnson and D, McIntosh give the formula D=l 725 
—0 00243 (100+0). A selection of A. Lange’s results for the sp gr. of liquid 
chlorine axe 


-60° * — 40° 

Sp. gr. . 1*5950 1*5709 

' 80° 40° 

Sp gr. . 1*3799 1*3477 

VOL. H. 


— 80° —20° “10° 

1 5468 1 5216 1*4957 

60® 60° 70° 

1*3141 1 2789 1*2421 


0 ° 10 ° 20 ° 

1 4485 1 4402 3l*4108 

80° 90° 100° 

1 2028 1*1602 1*1134 

S3 
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M Pellaton represented the sp. gr. of liquid chlorine at 0" by the formula 
D=0 687014-f 0-0002379(144— 0)+O 0622109(144—0)1, and for the wit. vapour, 
D=0-48219-f-0 OO2451(144-0)+O 068526(144— 0)1. The reunite me m close 
agreement with the law of rectilinear diameters. The sp gr of liquid chlorine at 
the bp. is 1 568; and for liquid bromine, according to W. Ramsay and D 0. Masson, 

2 9483 The values for the sp gr of liquid bromine by the eiu ly invest igat ors alimv 
considerable variations because the bromine they used was impure and probably con- 
taminated with much chlorine A. J Balard’s 11 number wait il’tibO. T. K. Thorpes 
number is 3 18828, at0° water at 4° unity ; and 3'1578i at. tl'l . h. \\ Andrews 
andH A Carlton give 3 11932 at 20°, 310227 at 25°, and .‘>'08 1 Til at 10". According 
to H Billet, the sp. gr of liquid iodine at 107° is 4K104 ; 3 U l t at. 121 A'' ; 3 918 at. 
133 5° ; 3 866 at 151 0° , and 3 796 at 170° ; and, according to J. Diugnmn and 
W Ramsay, 3 706 at 184 5°. J. Dewar obtained for the sp. gr. of solid iodine, 

4 8943 at -38 85 ; A ladenburg, 4 933 at 4° ; .1 H. Stas, 4H-JH ut 17" ; 1L Billet. 
4-917 at 40°, 4 886 at 60° , 4 857 at79'6°; 4'84l at, 81) -8° ; and 4-825 at 107". 
G.IeBas estimates the at vol of the halogen atoms m combination i chi live to 
combined hydrogen, at the critical point, to lie 

n r ci iir i 

„ t . , A (0-7 22-6 68-7 71-11 100-fl 

Critical tomp. , • | i-Q 2-3 0-0 7-7 UKt 

Bp. . . . 38 8-C 21-7 27-0 37-0 

The compressibility coefficients. — The moan compressibility of liquid chlorine 
at 20° under the influence of one mogabar, ?.r. 0 987 atm , iH O'OOOJ 10 for press, 
between 0 and 100 megabars, and 0 000095 between UK) and 5(K) luegnbai'H; for 
hqnid brornmc between 0 and 100 megabiu-s press., oqXKKHilft, and between 100 
and 500 mogabars, 0 0000518; for solid iodine, 0‘0()0013 between 1(1(1 and MKI 
megabais press The oompressibihty of liquid chlorine, says T. \V, Richards, 1 " the 
highest of nil tho elements, seems to bo connected with its large at, veil., its 
great reactivity, and its volatility, since substances which already possess a large 
cohesive press, would be naturally less influenced by uu external press. The com- 
pressibility of Bohd chlorine is probably less than 50 >: 10 8 tnul may lie as 
low as 26xl0~ # ; and the compressibility of solid bromine is prnlmhk less than 
30xl0-« 

The surface tension. — The surface tension of liquid chlorine 1:1 at. 72" is 33-65 
dynes per cm , 31 61 at —61 5° ; 29 28 at -49 6" , 2(5-55 at 35-3" ; and 25-33 at 
—28 7. The temp coeff. of the molecular surface energy is 2'IM, very near to the 
characteristic valuo for non-associated liquids, and lioncc it is supposed "the molecules 
of liquid chlorine aie present in tho state of two-atom molecules, (’l s . The surfitt e 
tension, a, of liquid bromine 14 at 0° is a— 42'00(1- 0-003810) dynes per cm. Tim 
values observed by W. Ramsay and E. Aston arc 40’27 dynes per cm, at loti ; 
34'68 at 46° ; and 29 51 at 78 1°. The temp. cooJI. agrees ivith the assumption 
that the molecules are not more complex than is represented by Bm, According 
to R Schiff, the atomic cohesion, a 2 , on the assumption that the capillary constant 
is an additive quality, are, m terms of hydrogen unity, 7, 13, and 19 for chlorine, 
bromine, and iodine respectively 

The viscosity and fluidity. — According to T. Graham, 18 the cooJL of viscosity of 
chlorine gas is 1‘287 XlO" 4 at 0°, and 1 -4-70x10 4 at 20°. According to A. ( 'unmet ti, 
the viscosity of chlorine is 1-328 x!0~ 4 at 15°, and it is not affected by the arc light 
filtered, through a dil Boln of cupric sulphate to free it from the* Iohb refrangible raya, 
A. 0 Rankine found 1 297 X 10~ 4 at 12 7°, and 1-688 x 10 4 at 99-1" for chlorines ; and 
for bromine, 2 48xl0~ 4 at 223 4°, 1-885x10 4 at 99-8°. At T° absolute, the 
viscosity of bromine vapour is 0 0000215829/(14 4 COT i). At tho critical temp. 
^ 6 T 1 ^ 0Blt y °f ohlonne is 1 897 Xl0~ 4 , and of bromine 2 874 X‘l(l *. According to 
J E Thorpe and J. W Rodger, the viscosity of liquid bromino is 0-01245 ftt OT)0° ; 
0 01035 at 1 6 16° ; 0 00848 at 35 86° , and 0 00706 at 56-48°. According to E. (J. Bing- 
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ham, the fluidity of bromine — i e the reciprocal of the viscosity — represented 
by iff is related with the absolute temp, by the formula T = 0 79098i/r— 1376 ' 31 /r 1 
+227 16 with an error not exceeding 0 03 per cent The viscosity of liquid 
iodine is 2 262 at the m p The intrinsic press , K , of the liquid halogens calculated 
by P. Walden from the relation K—a/v*, where a is van der Waals’ constant, and v 
is the mol. vol at the b p — is 1060 atm. for fluorine, 2135 atm for chlorine, 2530 
atm for bromine, and 2830 atm for iodine. The collision frequency, 6270 X 10® 
per second; andtheooefi of condensation from gas to hquid Dgaa/Dj^^O 00301. 
G J ager’s 16 estimates of the molecular diameter of fluorine, chlorine, bro min e, and 
iodine calculated from the electrical conductivity of salt soln , are respectively 
135x10“°, 96x10”°, and 91x10“° cm. The estimates of the diameter of the 
sphere of action of chlorine based on the kinetic theory of gases furnish numbers 
ranging from 3 28 x 10“ 8 to 4 96 x 10“ 8 cm A O Rahkme’s estimates, based on the 
viscosities, are 3’15 X 10" 8 cm for the diameter of the chlorine molecule, and 3*36 
X 10“ 9 cm. for that of bromine , and 1 30 X 10“ 22 c c. for the volume of the chlorine 
molecule, and 1 59X10'” 22 c.c for that of bromine- G Jager calculated for the 
mean free path 2 9xl0“ p cm— 0 E Meyer gives 4 6xl0“ 6 cm. , and for the 
square root of the mean square of the molecular velocity, 3 07 XlO* cm. per second ; 
and the arithmetical mean 2 86 X 10 4 cm per second 

The coefficients of thermal expansion. — The coeff of cubical expansion of liquid 
chlorine follows from the determinations of sp. gi at various temp. According to 
A. Lange’s data, 17 the coeff of expansion of liquid chlorine, a, is 

- 60 ° — 25 ° 0 ® 25 ° 50 ° 75 ° 100 ° 

. 0 00151 0 00162 0-00187 0*00219 0 00259 0 00314 0-00430 

The constant thus increases in magnitude as the temp rises, until, at about 90°, 
it is as large as that of the gas R Kmetsoh gave u=0 001409 from —30° to 0°, 
0 001793 from 50° to 60° , and 0 003460 from 70° to 80°. T. E. Thorpe represents 
the expansion of liquid bromine at 0° by the empirical formula 1+0 0010621800 
+0 OOOOO1877140 2 -O 0000000030850 s J. I. Pierre gave 1+0*0010381862560 
+0 OOOOOl71138O8530 a +O 000000005447 1180 3 . The constants in the latter formula 
can be curtailed because after, say, the fourth significant figure the numbers 
are all out of perspective with the accuracy of the measurements According to 
TT. Billet, the coeff of cubical expansion of solid iodine is 0 0002350, and according 
to J Dewar 0 0002510 between —38 85° and 17° , the coeff. of thermal expansion 
for liquid iodine is 0 000856 according to H r Billet 

The liquefaction of chlorine. — The history of the liquefaction of chlorine is 
interesting B Pelletier m 1786 and W., J G Karsten in 1786 contested the view 
that chlorine is a permanent gas because they showed that yellow crystals were 
formed when the gas is cooled. These crystals were regarded as solid chlorine In 
1810, however, H Davy 18 showed that these crystals were not formed at —40° F. 
if dry chlorine be used , that a soln of ohlonne in water freezes more readily than 
water alone ; and that the crystals contain water. He adds : ec The mistake seems 
to have arisen from the exposure of the gas to cold in bottles containing moisture ; ” 
and in 1823, M Faraday showed that what chemists called solid chlorine about the 
end of the eighteenth and beginning of the mneteenth centimes, is chlorine hydrate. 
On March 5, 1823, M Faraday was operating with chlorine hydrate in a sealed tube. 
Dr. J A Paris 19 called at the laboratory and noticed some oily matter m the tube 
Faraday was using ; he rallied Faraday “ upon the carelessness of employing 
soiled vessels/" Faraday started to open the tube by filing the sealed end ; the 
contents of the tube suddenly exploded , and the “ oil 99 vanished. Faraday 
repeated the experiment, and Dr. Paris, next morning, received the laconic 
note • 

Dear Sir, — T he oil you noticed yesterday turned out to be liquid chlorine. — Yours 
faithtully, Michael Faraday. 
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Chlorine can be condensed to a golden-yellow liquni at 0 juid t> atm. pi ess. By 
sealing chlorine hydrate m one limb oi n A-sbaped tube, atul plueitig that leg m 
warm water while the other log is immersed in a freezing mixture (Vitr 1T>) of. sa\% 
ice and salt, yellow oily drops of liquid eblorme rorulmiso 
in the cold limb M, Paratluy was much troubled with his 
tubes bursting, and refers to the powuul damage he sus- 
tained m tins way. lie speaks uf bise\es being Idled as with 
broken glass, anrl of explosions so violent us to drive pieces 
_ of glass through window panes “like pistol shot/' M. 

Fia. 1G.— Liquefaction of -PWaday was unable to freeze liquid chlorine by cooling it 
Chlorine. to — 10°; but m ltS8l, K Olseheuhks obtained vellow 

crystals by cooling the liquid in a bath of evaporating 

ethylene. 

The critical constants . 20 — Ror the critical temp of chlorine, *}, Dewiu gave Ml°; 
R. Knietsck, 14.6° } A. Ladenburg, 3 18° , and M. Pollnhm, 111’, The eutical temp, 
of chlorine is about 145°; that of bromine, 302°; and of iodine, hi 2 {estimated) 
According to T Andrews (1871) : 

If a too tube bo hermetically soolod wlmn oun-lmlF of the lube i* filled with liquid 
bromine, and one-half with tlio vapour oE bvomtne, and nrmhmfiy heated until I he temp, 
is above tlie critical point, the whole of the bromine hrconict quite opiupte, uud the lube 
has the aspect of being filled with a dark red opaque »esm. R\wu bipod bromine tnucuinW 
much less light when strongly heatod m un hemioheullv nettled lube than m it « unhrmrv 
state J 



R Emetsoh gave lor the critical press. of chlorine U3 - !) aim., anil uf bromine, 

131 atm (estimated) J. Dowar gave for rhloriiu*, aim., mid ,M. lVllalim, 

761 atm The critical volume of chlorine is 0 1101115, mul of bromine, iHXHSUft. 
M Pellaton gave for the critical density of olilonnc 0-573. 

The boiling and melting points.— H. V. Regnuull+i gave - ’ »i. "On mm. 

for the boiling point of liquid chlorine; and W. Pollutnii gave - ,’tl *,7’. ]{. Kniolmdi 
i^ e vapour Pressure of liquid chlorine at dtlTmml U-mji, ranging from 

-88 to 116 , which lattor ho regards ub tho critical temp. Kor tomji. below 

the b.p , K Kmetsoh found the vap. press , m mm. of mercury, to be 


Vap. press. 


81 * 4 ° - 40 ° — 4 *) ‘ 5 ° - 00 ° 
710 408 305 217 


-nr 

ir>n 


and for temp above tho b.p the vap. press., in atm,, were 


Vap. press. 


-33 o° o° 

1 00 3*00 


ao*HG o 

0-70 


40° 
1 Hi 


70° 

23*0 


- 



100 

M) 

37*5 uun. 

i 

inir 

p.m* 

uw* 

41 7 

un 4 

03*5 aim. 


at FteS? ^ pr ° se . llts 1118 dotormmatioiia of the vap. press. p of liquid chlorine 
+32 S °°* ^ Uu ‘ “'upmenf formula: p 7<i(> 
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cWorino, M. Tellaton 2 - found the value of /'in J. J). van der Wanin' 

calciedbJ a'/ r 7 1) 18 nCR ^ 2 ' r V tlic ratio of *'«' '*•'*• density to that 
3 635-O/rf ^^ a , 0f f “ 0T ^ g£lS *^Mp,/22U2(H «fl r ), namely <)* 15765 ; 
Each nf */? 5 f, d an application of Trouton’s rule, G7T> X 70*62 *-238 *5 gives 20*67. 

hqu!ds f ^ 31160 TalU0S 18 charactenatlc 01 what is obtained with non-assoeiated 

tn eQo\ rep0 ? ed b P' 23 oi ^ romLne aTe v ^y discordant ; numbers ramrina from 46° 
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measurements on material which has not been prepared with extreme care so as to 
ensure the highest degree of punty, the work will be all out of perspective The 
bromine of the early observers was, without a doubt, contaminated with x per cent 
of chlorine The vap press of liquid bro min e in millim etres of mercury are, accord- 
ing to W. Ramsay and 8 Young : 

-9 88 ° —6 40 ° -0 31 ° 10 4 ° 28 55 ° 87 44 ° 48 * 7 ° 66 * 0 ° 

Zap. press . 38 55 60 9 65 25 111 8 251*0 267 0 640*6 689 0 mm 

H. W. B Roozeboom’s values are a little higher W. Ramsay and S Young’s and 
C. and M. Cuthbertson’s values for the vap press of solid bromine are 

- 80 ° “63 0 ° — 40 9 * —28 8 ° -14 0 ° —12 0 ° -8 4 ° —7 0 

Vap press. . 0 13 0 66 1 83 7 74 25 0 30 0 40 0 46 0 mm. 

T Isnardi observed 65 83 mm at 0° , 35 37 mm. at —10 9° ; 24. 95 mm at —15 5° ; 
and 15*75 mm. at —21 1° The triple point is — 7 3° and 46 4. mm The vap 
press, of solid bromine is given by log P-— 7109 142Y- 1 — 43'33195 log T 
+133 46929. The molecular rise of the bp of liquid bromine, 2 * Jc> at 
ordinary press is 52 — the calculated value is 49 5. 

Rough estimates of the b p of iodine were made by J. L Gay Lussac, 25 and 
H V. Regnault, Later determinations were made by W. Ramsay and S Young, 
who found the vap press of the liquid, m mm. of mercury, to be 

1141 ° 120 4 ° 1271 ° 106 6 ° 160 4 174 5 ° 180 75 ° 184 4 ° 

Vap press 80 8 113 4 142 9 476-0 506-5 675 3 680 6 764 2 mm. 

J. Dewar represents the vap press , p 3 of liquid iodine by the formula . log 
7*924— 2316T“ L . For solid iodine, G. P Baxter, C H Hickey, and W. C, Holmes, 
between 0° and 55°, and W Ramsay and S. Young, between 58*1° and 113 8°, found 
the vap press. : 

0 ° 15 ° 80 ° 50 ° 64 6 ° 80 4 ° 102 7 ° 118 8 ° 

Vap press. . 0*030 0-131 0*469 2-164 6-05 16 16 60 66 87 0 mm 

R Naumann,obtained a vap. press, of 0 000004 atm. at —21° ; Ins other results 
are lower than those in the above table J Dewar 26 represents W. Ramsay and 
S. Young’s vap. press, <p of solid iodine between 58*1 and 113 8° by log p=9 3635 
— 2872 Y -1 ; and between 85° and 114*1°, by log ^=10 0392— 3137T"" 1 . W. Nemst 
represents the vap press of solid iodine by the expression log p=— 3196T-" 1 
+1*75 log jP— 0*003128Y+4*0, where 4 0 represents the so-called chemical constant 
of iodine The formula agrees vory well with R Naumann’s measurements. 

The melting point of chlorine, determined by K Olschewsky, 27 is —102°. The 
values for the m p of bromine were very discordant before those undertaking the 
measurement of physical constants realized the vital importance of carefully puri- 
fying their materials The numbers which have been reported range from — 7 5° 
to —25°. A J Balard gave —18° The more recent determinations group them- 
selves about — 7*3° as the best representative value for the m.p of bromine 28 The 
m p of iodine is 113 6° according to H. V. Regnault , 114° according to W Ramsay 
and S Young , and 116 1° according to A Ladenberg 20 A liquid can exist only 
when the press is greater than its vap. press , when the press, is less the substance 
can exist only as a gas If a fusible substance is under a lower press than corre- 
sponds with its vap press at the m p , it cannot melt when heated, but passes at 
once into the gaseous state — this press, has been called the critical pressure oi the 
solid . 30 The principle is readily illustrated by the following experiment : 

If a solid piece of mercuric chloride be placed m a glass tube closed at one end and 
connected w?tb an air pump at the other, it is impossible to melt the salt when the press, 
is below about 400 mm., however great the temp, applied , the solid merely sublimes. II 
the press rises above 450 mm. the solid fuses. 
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The vap press curve of solid iodine is indicated by PO , Eig l(i , that of liquid 
iodine by OC , and the effect of press on the m.p, of iodine by ON At the tuple 
point 0 these curves meet Eig 18 shows a similar curve for wutci The* curve 
PO thus represents the sublimation curve or hoar-frost line; ()(\ the boding or 
vaponzation curve, i,e the effect of piess on tlic b p of the liquid The name 
phenomenon occurs with water, lodiue, etc , and the principle involved is the same 
as indicated in the law represented by Clapeyron-01auslus , equations with icnpeet 
to the lowering of themp by an increase of press Consequently, if llie vnp 
press of iodine be less than that of the tuple point, the solid does not melt, hut 
rather sublimes directly without molting at the tuple point at 111 LV (89 8 mm,) 
and A von Richter at 116 1° (90 mm) According to It W , Wood, if the 
condensation of iodine vapour occurs above —0()°, a blank gianuUr deposit is 
formed, but below that temp, a doep red film is produced. 

The molting of bromine or of iodine is attended by an expansion with bromine, 
J. I Pierre 31 found a 6 per cent, expansion. M.Tuoplei found an expansion of 0*n;> l ] 
c c per gram of bromine, and 0 0434 c c per gram ol iodine. Hence, bv Clnusiys 
and Olapoyron’s equation the m p ol btonune is raised 0 0203° per atm use n( press , 
and iodine, 0 0314° per atm rise of press 

The heats of vaporization and fusion. — Ammhng to R. Kniolseh, ai * the limit of 
vaporization of liquid ohlorme is (37 38 cals, per gram, or -l 1 78 Hals per nml at 
— 22° and G2‘7 cals per gram at 8° T. Estmeher and A. KHnteir found at 
— 35‘8°, 61 9 cals per gram or 4‘39 Unis per mol M Pelhiton gels (it 7 calls at 
—22°, and 58 2 cals, at 8° T Andrews iound the latent heat of v.qmri/ulion of 
bromine at its b p. to be 45 0 cals per gram, and II. Y. Regnuult found that b0‘95 

cals weie involved in condensing ton liquid one gram* 



PiQ 16 — Vapour Pressure 
Curves of Solid and Liquid 
Xodxno, 


of bromine vapour at its b.p. and cooling (lie liquid 
to 0° ; if the sp. lit. of liquid bromine he 0*108, the 
heat of vaporization is 4 PIT) nils per guun at the b.p 
The latent heat of vaporization of solid bromine, 
according to T, Isnardi, is (>U*7 cals, per guuu ; and 
for iodine, according to K. Taurida, 81 cals, per guun , 
and the mol lit. of vaporization of liquid iodine is 
10 57 Cals., or 10*05 Gals, according to J 'Dewar, This 
is in good agreement with Trout mu* rule, as is also 
the case with bromine and chlorine, 

According to T. Estmeher anti M. St intii*wsk\ , Hie 
heat of fusion of solid ohlormo is, at. 10H , 22*9(5 cals, 
per gram , 11 V. Rognuult's value for solid In undue is 
1(5 185 cals, per gram, or 2T» ( als. per mol The cal- 
culated hoat of fusion of iodine is 2*92 cals, per gram, 
or 3 29 Cals. per mol M and J. J)e, war's value for the 


difference between the observed heats of sublimation 


and vaporization is 3 78 Cals, per mol The heat of sublimation of iodine tit its 
m.p is 14 66 Cals., J Dewar gives 14*43 Cals,; R. Naumaim, 11*9(5 (’als,; 
W Ncrnst, 13 94 Cals, at 101°, (j J\ Baxter, 15 1 Cals, between 7*f>" and D2*.V\ 
The heat of fusion of iodine at 114° is estimated by (L N. Lewis and Jl. Randall 
to be 7*27 Cals , and the increase of free energy accompanying the change is 
2000— 5*17T, so that at 298° K., the increase in the free energy of iodine in passing 
from the solid to the liquid state is 4*60 Cals , and in passing from tin* solid to the 
gaseous state, at 298° K., 4 64 Cals. O. P. Baxter, 0, JL Jliekey, and W. <\ Holmes 
found for the increase m free energy in passing from the solid to the gaseous state 
at T\ 16900+6*7T log T-0 0020T2-78‘73J T ; and CL N. Lewis and M, Randall, 
26275+1 ‘62 1 log T — 40 362b XI Arctowaky found the speed of sublimation (o 
decrease with increase of press,, being twelve times as groat at about 1(5 mm, press, 
as it is at 760 mm, 


The specific heat and thermal conductivity.— A. Campotti 38 found the thermal 
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conductivity of chlorine gas is about 0 8 times that of air, and it is not altered by the 
insolation of the gas The data for the sp ht of the halogens are somewhat meagre 
in comparison with some of the other gases , they suffice, however, to show that.the 
mol, ht. are higher than is usually the case with diatomic gases ; and that the 
ratios of the two sp. ht are lower H. Y, Ecgnault’s values for the two sp. ht of 
gaseous chlorine are C v = 0 1241 and O v = 0 096 between 13° and 2 02°, hence • 
Ojj/Cl =1 291. K Streckei’s values for G p and G r are rather smaller, and T Martini's 
values smaller still — he gives C p = 0 111 ; C „= 0 083 , C p /C 0 = 1 336 The mol ht 
of chlorine, M0 P =8 80 and MC V =6 81, are highei than is usual for diatomic gases, 
for which G p = 6 885 ; MG v =i 900 ; MGv/MC^l 41, M Pier suggests that this 
is due to the dissociation of imaginary Cl t molecules. The phenomenon has been 
discussed in connection with the sp ht of gases M. Trautz found that the wave 
length in Kundt’s tube alters when the gas is exposed to light , J W Mellox could 
detect no difference 

M Pier measured the mol ht. of chlorine, MG V> at temp up to 1794°, and found 
that up to 1400° the results could be represented by ilf C„=5’704 ± 0 0005 cals , 
when the corresponding value for normal diatomic gases is =4*900 ± 0 00045 
cals. The mol. ht of chlorine rises from 6 194 at 1288° to 6 317 at 1365°, to 6 677 
at 1490°, to 7*600 at 1667°, and to 8 250 at 1894°. It is supposed that the dissocia- 
tion of chlorine molecules, Clg, into atoms, 2G1, explains the large consumption of 
heat above 1450° M Trautz found that MC V for chloa^ne at one atm, press, 
between 25° and 100° is 5 22 ; between 25° and 150°, 5 35 , and between 25° and 200°, 

5 47 ; and he obtained a smaller value for C v when the gas is exposed to the light of 
a quartz lamp On the contrary, A Campetti found that illumination made no 
difference to any of the physical properties he measured 

H. V Rognault’s two values for bromine gas axe C P = 0 0555 and 0 05518 between 
80° and 230° ; and fox tb© mol. ht , MC P — 8 80 ; il/G«=6 80. K Strecker found 
1*292 for the ratio G^/O^ between 20° and 388°, where the result is not appreciably 
affected by temp ohauges. Hence K Strecker gives the values G v — 0 0553 and 
Op— 0*0428 M Bodonstein and A Geiger used the expression MGp^frS+O 0064T 
for the mol hi , MG V of bromine gas at the absolute temp, T, but there is a consider- 
able amount of uncertainty about the accuracy of this expression T. Estreicher 
and M Staniewsky found the sp ht of bromine between ^192° and —80° to be 
0*0727 Cal , and the at ht , 5 61 K. Streoker’s value for the sp ht, of iodine 
vapour between 250° and 377° is either <7 ?? =0 0349 or 0*0336, according as the vapour 
density of iodine be taken as 8 716 or 8 758 Tho value for C v is 0 0257, and the 
ratio of tho two sp, ht , GjJG v ~l 307. The mol. ht MG V is accordingly 8 7 between 
tho indicated temp T. Estreicher and M Staniewsky found tho sp ht and at ht.of. 
iodine between — 191° and —80° to be respectively 0*0454 Cal. and 5 76; and between 
—90° and 17°, respectively 0 04852 Cal and 6 16 

All tho halogens have larger mol. ht. than the usual values for diatomic gases, 
and this tho more tho greater the at, wt. of the element G Starck and M Bodenstein 
represent tho mol, ht. at the absolute temp T, by tho empirical formula MC P = 6 5 
+0 0038T , and G N Lewis and M .Randall provisionally propose 6*5 -[-0 004 T 
for all throe halogens. 

The sp. ht. of liquid chlorine between 0° and 24° is, according to E KnietBch, 84 
0*2262 ; and between —80° and 15°, according to T, Estreicher and M Staniewsky, 
0*2230, H Y. Regnault’s value for liquid bromine between 13*21° and 58*36° is 
0 11294 cal , between 11*57° and 48 35°, 0 11094 cal ; and between —6*23° and 10*4°, 
0*10513. Ho also found that the value of this constant decreases as the temp of 
the determination is lowered, so that between “7*3° and 10°, tho value is 0*106 cal , 
and between G° and 14°, 0 108 cal. T. Andrews also obtained the value 0 0171 <$al. 
for liquid bromine between 11° and 45°. According to E. Abegg and E. Halla, the 
sp. ht of liquid iodine between 114° and 185°, 0 0630, and the at. ht , 8*01. 

The sp. ht of solid chlorine between —192° and 108°, according to T. Estreicher 
and M. Staniewsky, is 0*1446, which makes the at ht. of solid chlorine 5*13. For 
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solid bromine, H V. Rognault obtained 0 087 cal between —77*75° and 0*19° ; 
9 082 cal between 7 75° and —22 33° — say, as a mean 0 08 1 This makes the 
at ht of solid bromine 6 71 H Barschall found tho sp. ht of solid Immune between 
—77° and —183° to be 0 073 , and F Koref, 0 075 between -81 1" and --190*8°. 
From a determination of the sp ht of antimony tnbioimdo L von IVbal and 
H. Jalm obtained 6*52 for the at. ht of bromine between 0° and 33° , and f> 67 
between. —21° and —80° The sp ht of solid iodine between 9° and 98" is 0 05 i 12 
according to H V, Regnault, and W Ncrnst lound tho at. lit at — 2 1 1*7°, 3*78 ; 
—239 5°, 3 97 ; -220 5°, 1 17 ; —190°, 5*38 , —87°, 5*92 ; -38°, 6*36 ; and at 
25°, 6 64 

J Dewar reporlod that at — 223°, or 50° K. 

Oliloiine .Bromine* Iodine. 

Specific heat . - . 0*0067 0 0453 0*0361 

A.tomio hoat . . .3 43 3 02 4*59 

According to G N. Lewis and G E. Gibson, 36 tho entropy of liquid bromine at 
25° is 18 5 per mob, whore tho increase of entropy in passing from absolute zero to 
them p T is <£= JG^ll og T=12*7 , tho increase of entropy in passing fiom the solid 
to the liquid state at T° K. is 1290/2G6=4*85 ; and the inomuu* in passing from tho 
liquid state at 26G° K. to that at 298° K. isO 95. Similarly, tho cnt.mpy of chlorine 
gas at 25° is 27 8 per mol., where the increase in passing from absolute zero to the 
mp T of the solid is </>=fC j; d log 9*1 ; the increase in passing from the solid 
to tho liquid is 817/171=4 77 ; m passing from tho imp. to thob p., 2*63 ; in passing 
from tho liquid to the gas, 10 43 ; and m passing from the b.p. to 298° K . ,0*83 The 
entropy of iodine at 25° is 15 1 per mol,, wlioro the increase of entropy in passing 
from absolute zero to 298° K. is ^JCyd log 5T=J51. It. (1. Tolnum’s com- 
putations yield more than double these values 

G. N Lewis and M. Randall givo for the. free energy of formation at. 25* of 
solid I, 0 cals., and of solid Br, 157 cals ; of liquid Hr, 0 enlu. ; of liquid l, 
460 cala , of gaseous Br 2 , 755 cals. ; of gaseous I £> 460 cals. ; of gaseous Hr, 22,328 
cals ; of gaseous l, 16,905 cals ; of aq. Bt*>, 977 oak ; of aq. 1„, 3926 cals ; of a 
carbon tetrachloride soln. of Br a , 389 cals. E. Jirincr estimalivs ilio heat of formation 
201=012 to bo 1180 Culfl. at 1670°, when tho equilibrium constant is 0*01 ; for 
bromine 2Br=Brj>-p57*0 Cals at 1050° — equilibrium constant n 06 ; ami for iodine 
2I=I a 4 32 4 Cals, at 1390°— -equilibrium constant 0*06. Tlie ratio of the kinetic, 
energy of tranHlatory motion to the total energy of motion 3 ** for mnlmuhs of 
gaseous oxygen, nitrogen, hydrogen, and tho like is 0*607 ; for the three halogens 
this ratio is much smaller, being 0*48 for chlorine, 0*44 for bromine, and 0*46 for 
iodine 

The refraction coefficients. — Tho index of to (ruction of chlorine 1,7 gus 1 *uoo77tl 
for white light was determined by P. L Dulong in 1826, and confirmed by 
M Oroulleboia m 1870 The indices for tho 0, D, E t and U lines are 1*000699 ((*), 
1*000773 (D), 1*000792 and 1*000840 ((f) ; and according to (1. ami M. (hithbart- 
Bon for light of wave length (fjbfju) 

WavQlam>th . 480*0 620*1) 676*1) 043*8 67<>*H,m 

Index of refraction . 1*00079166 1*00078651 1 00078135 1*0007703 1*00077603 

J. II. Gladstone estimated the refraction eg. of chlormo in it« compounds to be 
10*05 ; and later determinations by E. Oonrady, J. W. Briilil, and P. EiHimlohr, 
give foT the H~ and the Na-lmos H a , 5*933; 1), 5*961; 11^ 6*043; II V , 6M01. 
The refraction eq. of the chlorine atom in tlio acid chlorides is rather higher* viz. 
—6 3 to 6*1. M. OiouUebois* value for the dispersion of chlorine (/x w — 1) 
=0*1780; the atomic dispersion Hy-ll a :==:0*lG8. According to L. Blcchrode, 
the refractive mdex of liquid chlorine for tho /Wine is 1*367 at 14 w ; or 1*385, 
aocordmg to JT, Doohant, with a variation of 0*00098 per 1*\ This gives for the 
specific refraction of the hquid by the ^formula 0*27, and by the ^-formula, 0*109 : 
and for the gas respectively 0 24 and 0*16. 
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The index of refraction of bromine gas at 0° and 760 mm for the D-linc is 1 001132 
according to E. Mascart The atomic refraction oi liquid bromine, according to 
J H Gladstone, is 15 3 ; and, according to J. W Bruhl, 8*455 by the pMormula. 
The specific refraction, according to A. Haagen, is 0 1918 The refractive indices of 
liquid bromine, selected from measurements -by C Rrofcre, for rays of different 
wave lengths, at different temp, as indicated in Table I. These data show that the 

Table I — Refractive Indices op Liquid Bromine 


Wave length. 

Index of infraction 

10° 

15° 

20° I 

25° 

790 9 . 

1 C368 

1 6327 

1 0280 

1 6226 

758*0 (-4 -lino) 

1 6394. 

3 6352 

1 G306 

1 0250 

701*7 .... 

1 6453 

1 6408 

3*6358 

1 0304 

870*8 (Li-lmo) 

i 6495 

1 0447 

1 0397 

1-6343 

631*5 . 

3*6557 

— 

. — 

1 6401 

592 5 . 

— 

— 

. — 

l 6475 

539 0 (D 2 -lino) 

— 

— 

1 0543 

1-6483 


refractive index of the liquid is greater the greater the wave length, and the lower 
the temp At 20°, the dispersion between the A- and DA inoB is 0*037, which is 
greater than the corresponding value for carbon disulphide 

The refractive index of iodine vapour for the red and violet lines from a cadmium 
electrode is 1*00205 for the red, 1*00192 for the violet at 10° ; C. and M. Cuthbertson 
give for light of different wave lengths (fM/i), 

Wavo length . 670‘8 621 6 560 0 510 0 GOO^u. 

Index of refraction • 1 001970 1 002130 1*0021 70 1 002210 1 002120 

According to F. P. lo Roux, like all vapours with a large selective absorption, 
iodine has an anomalous dispersion Since it increases with a fall of temp., being about 
0*0G from A. Hurion’s measurements — approximately as large a negative number as 
glass is positive The atomic refraction of solid iodine is 24 5 by the ju.-Iormala, 
and 14 12 by the /^-formula. 

The refraotivitios of the four halogens — % e the refractive index less unity 
multiplied by 10° — are F, 195 , 01, 7G8 ; Br, 1125 ; 1, 1920 (violet) and 2050 (red). 
According to 1 0. Cuthbertson and E B. R. Prideaux, if referred to fluorine unity, 
those constants are nearly in the ratio 1 : 4 . 6 : 10. A similar ratio occurs with 
neon, argon, krypton, and xenon. 

What 0 and M. Cuthbertson call the dispersion, (ju— 1)10°, for light of different 
wave lengths, is 775*G3 for chlorine gas for light of wave length G70 8 [ip ; 784*00 
for 546 ljuft , and 791 66 for 480 0/xju , or 1=7 313 X 1027/(9629*4 XlO 2 — w- 2 ). 
For bromine gas, the dispersion is 1152 5 for 670 8/x/x, 1174*1 for 575 0/x/x , and 
1184 9 for 516 1 w or /x-l=4*2838xl0 2 7/(3919 2X10 27 — n») , and for iodine gas, 
1970 for 670'8/ift ; 2130 fox 618 0/x/x ; and 2120 fox 500 Ofip. 

The spectra of the halogens, — In 1865, D, Forbes 38 showed that chlorine colours 
a flame of a Bunsen burner or of a spirit lamp, gTeen , so do chlorine compounds after 
they have been treated with sulphuric acid The kno spectrum of the halogens 
obtained by the electric spark has been measured by J Plticker and W. Hxttorf, 
G. Salet, A. J. Angstrom, and J. M. Eder and E Valcnta Most of tho lines in the 
spark spectrum of chlorine fall between 27 6 and 675 8/xyx, but the majority are at 
ike violet end of the spectrum. The spectrum of chlorine has been more particularly 
studied by J H. Eder and E Valenta, who recorded about 400 lines, most of which 
were in tho ultraviolet, although some extended into the blue, green, yellow, and 
red. Those in the violet and ultraviolet are sharper than those in the green ox yellow, 
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which latter are, for tlio most pait, broad or indistinct The 1 line spectrum of 
chlormo can bo observed by the discharge in a vacuum tube containing i lilorine at oO 
to 100 nun press. , by sparking the gas at ordinary press , and from fused chlorides, 
or minerals containing chlorine The most pionounced lines ol chlorine me the 
four m the yellowish- green , a bright green linn, and a group of lines t Inee of which 
are veiy bright — m the blue The bromine spectrum is still richei in hues t hnn that 
ol chloimo — the brightest are a group m the blue and one group m the gieen The 
spectrum of iodine in turn is richer in lines than that of bromine the brightest, me 
a group in tho yellow, and a group m the green ; there are also many blue lines 11 
the intensity of a spectral line be represented by its vert, mil distance irom a datum 
line, tho chief spectral lines of the three halogens can be lopnwmted asinKig 17. 
Each of the halogens givos two omission spectra - one with the cent muons discharge, 
and tho other with tho oscillatory discharge. With iodine, il any ol the solid be 
present m tho tube during tho oseillatoiy discharge, the vnp press is so soon altered 
by the heat of the discharge ; as a result, the discharge is damped and the noti- 
oscillatoiy discharge appears Hence, with iodine, the, oscillatory dischmge can 
be obtained only for a few minutes (J L (Inumrian specially studied the sm cessivo 
changes which variations of press have upon the spectra of the halogens, lie found 
that lines which are visible undoi one press, vanish at another press., because 



Ficn 17. — -CliioC Spocial Linos of ('lilorine, llrmmne, and Imbue, 

according to A Schuster, there is “ a mixture of several overlapping .sped ru,*' In 
general, an increase of press, increases the intensity of the line sped runt, uud muses 
new hn.es towards tho rod to become visible. Bromine and iodine also show line or 
spark apcctia under tho same conditions as the chlorine sped rum when l he elect lie 
discharge in a vacuum tube passes through the vapours of these element s. #1 . M . Rder 
and E, Valcuta showed that bromine vapour at a low press. 8 to lo mm, has a 
distinct and characteristic, line spectrum If the press, is lowered, the spectrum 
bocomes faint, 'and tho linos are broadened. Besides the line spectrum there is u 
continuous spoctrum in the violet at low press, and si ill a third sped ruin at a 
preBS of 4.5 mm , which seems to correspond with the normal hand spectrum of oilier 
elements! The flame of hydrogen containing biomine gives a continuous spectrum, 
so does bromine vapour heated at low icdness in a glass tube. 

The sat. vapour of iodine m a layer O' l metre thick, is opncpie to daylight or lo 
candle-light ; the vapour appears at the edges to be blue by transmitted light, blue** 
by reflected light ; and, according to (IF. Hohbnbom, it appears to be the blacker 
the higher the temp , owing to an increasing absorptive power for light. H. Relink 
says that a thin layer of solid or molten iodine transmits only the rays in the 
extreme red. The fine purple coloui of iodine vapour is duo to its transmitting 
freely the blue and red rays of the spoctrum, while it absorbs nearly all the green ; 
but if the iodine vapour is in thick layers it absorbs tho rod rays, and the trans* 
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mittcd light is purely blue A soln of iodine in carbon disulphide exhibits 
the sanio phenomena since it appears blue or purple according to its density. The 
red alcoholic soln does not show this phenomenon. The spark spectrum of a 
trace of iodine vapour in a vacuum tube shows bright characteristic lines This 
spectrum does not correspond with the absorption spectrum, but, according to 
G Salet, if a low-tension cunent is passed through a vacuum tube containing iodine, 
the spectrum shows a set of bands identical in position with the absorption spectrum 
of E T. Thnlen. 

The absorption or band speck um of chlorine was examined by W. A. Miller m 
184.5 and E Eobiquet m 1859, but they failed to detect a line absorption spectrum 
with chlorine, although one had been previously noted by W. A Miller m 1833 with 
bromme and with iodine, A Morion (1869) and D Gernez (1872) obtained the 
desired lino spectrum by using a long tube — say, 2 metres in length — filled with the 
gas. G JL). Livemg and J. Do war found that a small quantity of chlorine gave a wide 
absorption band stretching in the ultraviolet from 356 to 302/xja, which widened as 
tho amount of chlorine was increased until they obtained a band stretching from 
4G5 to 263 (Mfi (Eig 18). J Tyndall found that with the exception of air, nitrogen, 
and hydrogen, chlorine gas absorbed the long heat rays less than any gas he tried, 
while K. Angstrom and W. Palmaor found a single band in the infra-red spectrum 
stretching from 323 to G07 (l/jl with a maximum at 428/i/x , E E. Laird measured the 
complete absorption spectrum of chlorine at ordinary temp., and found a very 
broad total absorption band m tho violet region, a line absorption in the blue, green, 
and yellow, paxticuhirly rich in the region between 54.5 and 4:80pft, and weakening 
at both ends. The lines do not coincide with the known lines m the emission or 
spark spoctrum of chlorine, although some lines are nearly coincident With an 
increase of press,, the absorption band m the violet region broadens out rapidly on 
the loss refrangible side and mxre slowly on the more refrangible side ; a decrease 
of press, does not break the absorption band into lines. W W. Coblentz has 
measured the ultra-red spectrum of thm layers of iodine, and found the vapour to 
be transparent for a wave-length 2 74/x , and with thicker layers the absorption 
between 1 2[i and 2*7 /x is constant. W Burmeistcr found no m Era-red absorption 
bands m tho absorption spectra of chlorine and bromine According to E W. Wood 
(1896), when iodine (or bromme) vapour is mixed with the vapours of carbon disul- 
phide, a portion of tho iodine (or bromme) exists m a state of soln , and gives an 
absorption spectrum devoid of linos or bands, while another portion exists m the 
state of a gas, and gives a fine-line absorption spectrum. With a given density of 
the vapour oJ the solvent, a portion of the halogen can be vaporized without its 
showing the gas absorption spectrum, but if a little more halogen be vaporized, the 
fine lines of the gas absorption spectrum of iodine appear 

The absorption spectrum of liquid chlorine is quite different from that of the 
gas, C. Grange found an absorption in the extreme red down to about 697 or 686ju/i, 
and from there to about 512/qu rod, orange, yellow, and green light is transmitted ; 
absorption begins at 512/x/x and is complete in the blue and violet at 503 ^/ll. Bro m ine 
and iodine vapours like chlorine show a characteristic absorption spectra with many 
linos With decreasing atomic weight, an increasing amount of gas muBt bo used to 
render the absorption lines visible and distinct Thus, B. Hasselberg required a 
column of iodine 10 cm thick, bromine 75 cm , and chlorine 137 cm to show the 
absorption linos. The absorption linos shift towards the red with increasing at. wt. 
This is usually characteristic of the behaviour of the emission spectra of a 
family group of elements, B Hasselberg also measured about 3000 linos m the 
absorption spectrum of iodine, 2500 in the bromine spectrum, and about 1000 in the 
chlorine spectrum Tho number and sharpness of the absorption lines of the halogens 
thus increase with increasing at, wt With a higher dispersion, E. K Laird has 
shown that the bands of the absorption spectra of iodine and bromine recorded by 
the early observers are composed of a number of lines These bands appear as 
channellings in tho spectra and make the spectra appear somewhat similar. Iodine 



60 


INOBOANIC AND THEORETICAL CHEMISTRY 


shows these channollmgs most distinctly, and bromine and chloiine with diminishing 
distinctness The absorption spectrum of iodine and bromine vapours disappears 
when tho dissociation is high, presumably because the monatomic molecules give 
no absorption in the visible spectrum , 39 the observed absorption spectrum is due 
to diatomic molecules Tho temp at which tho absorption spectrum disappears is 
higher with bromine than with iodine, and it is augmented by prim R. W. Wood 
estimated that there aro between 40,000 and 50,000 lines m the almoiption 
spectrum of lodme 

G. D. Livemg and J. Dewar found that bromine vapour gives an absorption band 
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Fia 18 . — Ultraviolet Absorption Spectra of Halogen (Jason, 


m the ultraviolet, which begins m the visible sport nun and extends to the solar 
Z-hno, when small quantities of lirommr aro present, Fig. ib, and to t lie solar /'-lino 
when more bromine is jiresont. From this point to the line 2fi0/i/i, tlie vapour is 
transparent, and, aftor that, tho absorption increases with the refrimgihility of the 
rays. 0 Riband has also studied the ultraviolet spectrum of bromine up to tilitl". 
Thin layers of iodine vapour aro transparent lot tho ultraviolet rays, but there is a 
strong absorption in tho violet region of tho visible spectrum ; with thicker layers 
of bromine the absorption oxtonds nearly to bho solar //-line, Fig. Hi, hub the vapour 
is still transparent for rayB more refrangible than the //-line. The absorption band 
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Fia 10.— Ultravoilot Absorption Hpoctra of biquul Bromine and lodinn. 



in the ultraviolet spectra of chlorine, bromine, and iodine gases is thus shifted 
towards the less refrangible or red-ond of the spectrum as tho at. wt. of tho element 
increases until with iodine, the absorption band appears in the visible spectrum. 
A him of liquid bromme between two quartz plates has an absorption band, Rig, R), 
which ends just where the transparency of tho vapour bogiiiB, while tho film is opaque 
for rays above and below this band With soln. of iodine in carbon disulphide, the 
spectrum is also transparent for a certain distance, Fig, 18, hut is shifted to a lees 
refrangible region lying between the Bolar <7- and E-lines. 



THE HALOGENS 


61 


M. de Broglie, working with the zinc compounds of tlie elements, found the high- 
frequency spectra of iodine and tellurium to follow one another in accord with then 
chemical properties ; 1 Maimer, woiltmg with the elements, found that order to he 
reversed. M Siogbahn 40 showed that M de Broglie and 1 . Maimer used th e secondary 
radiations ; and with primary radiations he found the order to be that given by 
I. Maimer, viz tellurium — iodine The wave-lengths for the a r and /3 r lines agree 
well with the senes : 


At. numbers N 

■v/s ft : 


Cd In 

48 49 

1 3C4 1 400 

1 450 1-485 


] 435 
I 521 


1401 
1 651 


To I 

52 53 

1 480 1*513 

1 573 1 606 


Ba 

50 

1 005 
1 707 


R W Wood 41 has shown that if a glass bulb with a few flakcB of iodine be ex- 
hausted and sealed, a yellowish-green fluorescence appears if a beam of sunlight or 
arc-light is focussed on the centre of the bulb ; if the bulb contains air at atm. 
press., no Jluorcscenco occurs. Only when the press is reduced to about 150 mm 
does a feeble fluorescence appear. The intensity of the fluorescence gradually 
increases as the press is further reduced ; the most rapid change occurs when the 
press changes from 10 cm. to that of a high vacuum. With hydrogen the fluorescence 
appears when the press is about 300 mm. higher than with air If the bulb is warmed 
the fluorescence appears at highor press JR, W. Wood explains this by assuming 
that air at ID cm. press, is able to dissolve all the iodine which vaporizes at ordinary 
temp , but by a rise of temp and consequent increased vapour press of iodine, some 
iodine remains undissolved by the air, and it is this portion only which fluoresces 
The fluorescent spectrum has a number of bands extending from the orange-red 
into the grcenish-bluc R. W Wood also found that when iodine vapour is heated 
in a sealed quartz bulb to about 700°, a luminous red cloud is formed — which in 
thin layers gives a banded spectrum roscmblmg the fluorescent spectrum but dis- 
placed a little more towards the red. Heated iodine vapour is probably luminous, 
as is shown by G. Salet’s experiment : 


The room was made dark and when a hot gloss tube had cooled until it was just barely 
visible, a fragment of iodine was llirown into the tube, which thereupon filled with luminous 
vapours. To obtain more brilliancy one heats tho vapour of iodine m a Boliomian gloss 
tube by moons of on onamollor’s lamp. The contents of tho tuho look like a rod-hot bar of 
iron. One may also volatilize iodine around a platinum spiral brought to a vivid incan- 
descence ; the luminous vapour rises hko a real flame about the spiral. It is a case 
of J flame vnfliout combushon The light from the iodmo gives o continuous spectrum, or 
rather a confused primary spectrum ; one perceives traces of characteristic ch ann ellings 
but no linos of tho secondary spectrum. 


J. Evershed, and A. Smithells confirmed and extended these experiments ; the 
former added : 


To sum up, then, it appears that besides iodine, the vapours of bromine, chlorine, sulphur, 
selenium, and arsenic can all be made more or loss incandescent by heating to tho temp 
at which the glass combustion tube softons, and the light emitted by each of tlioso glowing 
vapours appears to give a perfectly continuous spectrum , while tho corresponding absorp- 
tion spoctra are selective. Thus there is no such close rolation betwoon emission and 
absorption as is implied by KirchhofC’s law of radiating bodies. Thoie seems, howovor, 
to bo a general rolation betwoon tho total absorbing and radiating powor for tho visible 
rays , those vapours which aro highly coloured and absorb strongly m tho visible spoctrum 
also radiato conspicuously in. that part of tho spoctrum ; while colourless, non-absor£>ing 
vapours, such as phosphorus, emit no percoptible light when hoatod 

H. Konen showed that the ther modumines cence of iodmo vapour begins at about 
550°, and is stronger tho denser the vapour, and he adds that the glow spectrum of 
iodine is specially interesting because it is one of the few cases whore a visible speotrum 
is obtained by merely heating a gas. According to W. Eriederichs, the banded 
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absorption spectrum of iodine increases with, temp up to D00'\ but decreases at 
higher temp until finally it disappears At 1250°, a continuous emission spectrum 
was obtained by C Frodenbagen. Hence it is concluded that the band absorption 
spectrum is an effect of the diatomic molooules, and becomes weaker as the one- 
atom moleculeB begin to form When a substance is exposed to a bourn of radiant 
energy — say solar light — radiations of a coitaiu wave-length are absorbed, and the 
energy is expended in inaugurating or stimulating intra- mo locular or intra-atomic 
vibrations The general effect is to raise the temp of the 1 mtly. Waves with a short 
period of vibration are absorbed, and emitted as heat radiations with a longer period 
of vibration. There is thus a degradation of radiant energy from waves of a short 
period to waves of a long period In the case of Ihioresoont substances, light waves 
of short period — eg those at the violot cud of the spectrum -am absorbed and 
emitted again as light waves of lower ref Tangibility 

Violet or ultraviolet radiations may he absorbed and emitted again as green 
or red rays This phenomenon is termed fluorn sconce when the photo-lumin- 
escence is transient and shows only while the body is actually exposed to the light 
stimulus — eg qumino achoolite, fluorspar, uranium glass, barium plalmo 
cyanide, etc —-and 'phosphorescence when the photo-lumincscence persists after 
the stimulant light has ceased to act oil the body op Bologna si one, Balmain's 
luminous paint, Canton’s phosphorus, and other sulphides of the alkaline earths, 
some diamonds, otc Q. G. Stokoa ‘ t2 iHuntratod the phenomenon by the following 
simile: 1 ^ 


Suppose you hod a numbor of ships at rest on an ocean perfectly culm. HunpuMim 
now a sonos of waves, without any wind, were propagated from a storm at a dial linen nltmir 
the oooan , they would agLtato the nlupH, which would move Inu'huurtla and luru arris ; 
but tho tnno of swing ol tho ship would depend ou its natural oscillation, ami would not 
nocoaaarily synchronize with tho periodic tune at the waves which imitated the ship m tho 
hrsti instance. lho ship being thus thrown into a ulato of agitation would iirodinui wavivt 
which woiffd bo piopagatod from it in all directions. This I e<im*eivoi<>hoaroughdvimnncal 
illustration of what takes place in thin actual phonomonoti, namely, that tho incidence of 
ethereal waves causes a certain agitation in the ultimate molwulesfm* atoms) of the boriv. 
ana causes them to bo in turn centres of agitation to the other* 


In fine, when the ultimate particles of a fluorescent substance am agitated by 
ether waves from, aay, a source of light, they* send out freah waven of their own, 
Ihe emitted radiations arc of shorter wave-length than the absorbed radiations. 
Ine rate of transformation of the radiations from a high to a lower refrungibilit-y 
is rapid with fluorescent substances, and much slower witli phosphorescent 
substances. Ihe absorbed energy may bo dispersed in other ways than in 
developing fluorescent and phosphorescent olluotif — it may manifest itself 
m chemical action— which is ntili ml in photography ; # and it mav lie expended 
m augmenting the Iransktory motions of the molecules and be dissipated in the 
lorm ot heat. In the converse phenomenon, ihormo-lumhoxenwo or etthrexovne^ 
the radiaiit energy supplied to tho body as heat is so transformed that Urn body 
schoTt* 11 ^ unous 1B <laxk— c.g> some of the green varieties of fluornpar, 


, G - f tok ?f the exeUtng Ugh is of shorter wave-length and greater 

frequency than that of the excited light is true only m certain raises. ‘ In the oaso ,if 
bodies which do not obey Stokes’ law, fluorescence is induced only when the incident 
C °w C1 4 eS fr , e 1 U0 “ c y ° ne tlj -G Rharp absorption bands oE the substance, 
W™+w,- a T°° d 8h °+T e * ?? be t} i 0 ca ?.° Wlth - and iodine. J>. Lenard's « 

assumes that the incident light causes tho liberation of electrons from 
the atoms of the phosphorescent substanco, and that light is subsequently omitted 

T ??““ t0 ^ Thb ™ tncn an appreciable 

fame with substances which have a small electrical conductivity, and, ejLpoihesi 

ff® 1 . ?« 0 S rf ' f t0 tLe m ° tlon oI tho electrons. Tho return of the ejected 

electrons is faoihtated by a rise of temp, which increases the conductivity. The 
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theory does not account for the extraordinary influence of extremely small changes 
in the composition of the phosphorescent substance 

S Landau and E St.onz examined, the effect of low temp and dissociation on the 
fluorescence of iodine vapoui at low press "Fluorescence decreases as the temp, 
is raisod, l>ut does not cease at 800°. Dissociation dcstioys "both fluorescence and 
the resonance spectra It is therefore inferred that the complex vibrating system 
is not inherent in the atom, but in the molecule , that the structure of the atom is 
relatively simple ; and that, in all probability, the absorption lines which are so 
characteristic of diatomic iodine and so sensitive to the action of monochromatic 
light, do not belong to the absorption spectrum of monatomic iodine, 

W St cubing found that the intensity of the fluorescence of iodine vapour js 
weakened between the polos of a powerful electromagnet The result has nothing 
to do with the Zeeman ollcet, and lias no connection with effects produced by 
admixture with gases, solvents, etc It is produced by a direct action of the 
magnetic field on the electrons causing the band spectrum weakening the individual 
vibrations. 

In 1871, E Budde 44 showed that when chlorine is exposed to light rays of high 
refrangibihty, an expansion — called the Budde effect — occurs and the temp rises 
about 1° This is not a direct heating effect of sunlight since the interposition of a 
screen between the source of light and the chlorine to cut oil the heat rays makes 
no difference to the ofloot. A liiciiardBon showed that the photo-expansion is 
proportional to the intensity of the more refrangible rays of light E. Budde 
suggested that the expansion may bo due to the light loosening or actually decom- 
posing some of the chlorine molecules into free atoms, Cl 2 (2 vols )^2C1 (4 vols.), 
and that the slight rise of temp, is dovclox>ed by the recombination of the gelocheiten 
und zerselzcn Ghlormolefciih. Ho also showed that the expansion cannot be due to 
the direct warming effect of sunlight such as occurs, for examplo, when lampblack 
is exposed to the rod-heat rays, because the red-heat rays are least active in producing 
tluv effect J. W. Mollor showed that the photo-expansion is directly proportional 
to the nso of temp , and that it is unnecessary to assume that the chlorine molecule 
is dissociated into atoms when exposod to the actinic rays. The phenomenon is 
thus analogous with photo-luminescence. In both cases, intramolecular vibrations 
stimulated by light are degraded into less refrangible vibrations which make 
themselves evident in the one case by a rise of temp , and m the other case by 
luminescence. According to M Trautz, the expansion in light is not the same as 
when an equivalent amount of heat is applied to the non-iflummated gas As 
indicated above, A. Oampotti found that ultra-violet light does not appreciably 
modify the viscosity and thermal conductivity of chlorine gas , and, contrary to 
M. Trautz’s opinion, this light docs not affect tho sp ht. at constant vol According 
to II. B. Baker and W. A Shenstono, there is no Budde effect if tho chlorine is dry, 
but it is produced by dry chlorine if platinum be present In this case the olilorme 
attacks tho platinum m light not in darkness ; and m the case of moist chlorine, 
there is a chemical reaction, 2Cl2+2II s Ov=MHCl-b02 According to P Caldwell, 
tho effect does not occur with broinmo — if so, it may be that the active rays muBt 
be those concerned in that portion of the absorption band of chlorine not covered 
by that of bromine — Eig. 18. 

Electrical properties. — J, J. Thomson (1887) 45 reported that when electric sparks 
were passed through iodine vapour between 200° and 230°, there was a considerable 
increase of press, which persisted lor some hours. J J Thomson attributed tins 
phenomenon to what he estimated as a 47 per cent dissociation • I 2 =r+I'. 
J, J Thomson also studied tho phenomenon with chlorine According to 
E P. Pcrraan (1891), no perceptible change of density is produced by tho discharge ; 
and according to W Kropp (19 lb), there is no evidence of such a phenomenon in 
quartz. J. J Thomson could not detect the presence of free ions either m the 
preliminary stage of the insolation of a mixture of hydrogen and olilorme, or in the 
later stage when the gases are actively combining The method employed was 
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sensitive to 1 m 10 14 of the molecules present. M lo Blanc and M Vollmer could 
detect no signs of ionization when 1-lie mixture was illuminated by an osram lamp. 
The fog observed by P. V. Bevan to bo produced when a combining mixture of 
hydrogen and chlorine is expanded is not net cssitrily due to ionization, for P Loimrd 
has shown that ionization, the formation of fogs, mid chemical action are independent 
phenomena. G KummelTs roport that a measurable ionization is produced by the 
insolation of chlorine, is thought to bo based on a mal-obscrvation due to defective 
insulation E Radel found that when moist chlorine is exposed to light from 
electric sparks repeated every hundredth of a second, a faint cloud can bo 
detected by ultra-microscopic methods Radiations from polonium or radium 
bromide act similarly, but the effect is weaker. 

J. S Townsend 4(5 Bhowcdtliat the chlorine gas liberated by the action of hydro- 
chloric acid on manganese dioxide has a strong positive electrification The spark 
potential, F, that is, the lowest difference of potential between two elect rodos required 
for sparking, is not constant fox chloime-air, nor lor bromine-air. 47 In ouch ease, 
there is a gradual increase with uti increasing sparking distance and an inm\ining gas 
press , ultimately approaching a limiting value. The converse phenomenon obtains 
with helium-air There is an intense green coloration about the positive elect i ode 
with chlorine gas which with lower press becomes very pale, ami it t hen gives the 
characteristic spectrum The falls of potential at the anode are very high with the 
halogens, presumably because the measurements are obscured by 1 lit* action of the 
halogen on the electrodes 48 

A. L. Hughes and A A. Dixongivo 8*2 volts for the ionizing potential of chlorine 
gas, and 10*0 volts for that of bromine, while the value for chlorine calculated from 
K . T Compton’s formula F=-0‘19l(/C— l)” -1 volt, is 4*94 volts, where 1\ denotes 
the specific induction capacity, and V tbo ionizing potential representing the least 
energy required to ionize the gas by the impact of electrons. The calculated value 
for fluorine is 9 81 volts. (’ (4. Found obtained for iodine vapour V H‘fi Volts, 
E B. Ludham found chlorine is not ionized by ultraviolet light which is capable 
of ionizing air. The fluorescence produced in iodine vapour by light, of com- 
paratively long wave-lengths led to experiments on the ionization of iodine vapour 
by exposure to light 3. Henry, E. Whiddmgton, and 3, Enmeknod \\\ Westphul 
obtained negative rosults with light deprived of most of the ultraviolet by passage 
through the glass of the apparatus. The latter, however, found that it is easier to 
produce a glow discharge in fluorescing iodine vapour than through ntm-flunmaung 
vapour ; hence it is inferred that less work is required to separate an electron from a 
molecul i of the vapour when it is fluorescing than when it is not. 

H. M. Vernon exposed chlorine in an ozone tube to the notion of a silent discharge, 
and obtained no other result than a slight expansion duo to the heating effect of 
the disoharge. E. Briner and E Durand also failed to obtain a contraction- oven 
jdVofch volume under similar conditions. According to K. Kellner, 4U when purified 
and dry bromine is exposed, in double-walled tubes like ozone tubes, to the alter- 
nating current of 2p0 J 000*-300 } (X)0 volts of a Tesla transformer, a sulphur yellow 
crystalline deposit is formed on the walls of the tube, and if small quantities of 
bromine are used, the whole may bo transformed into this product ; it is stated that 
the glass takes no part in the change. In the absence of some confirmatory evidence, 
it cannot be assumed that the bromine is here polymerized, Liquid chlorine jb 
virtually a non-conductor of electricity ; according to b\ Linde/’ 0 the conductivity 
is smaller than 1CT 10 reciprocal ohms ; and according to W. A, L’lotnikoi!, that of 
liquid bromine is less than 1(L 8 roc. ohms ; and O. N. Lewis and 1\ Wheeler place 
the specific conductivity of iodine at about 3 X 1 0 r \ They al so find the conductivity 
of soln of potassium iodide in liquid iodine between 120° and 1(K)° is equal to that 
of the best conducting aq, soln Solid xodino is a very bad conductor, and like other 
insulators, it develops electricity by friction. 51 K, Eaj ans found the heat Of hydration 
of gaseous ions to be : 01', —23 ; Br', —32 ; I\ —43 kgnm cals, per gram-ion, 
P. Lenard, W. Weick, and H. XL Mayor calculate that in soln, : 
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01' Br X 

Numboi of mols of H ,0 per ion ,11 6 6 6 

Radius of complex . . . 3 9xl0“ 8 3 2xl0~ 8 3 0x10— 8 2*9x10“ 8 cm. 

R Lorenz, and P. Walden estimate the diameter o£ ions of chlorine in aq. soln. 
to be 2*30 XlO - 8 cm. at 18°, of bromine ions, 2*24 XlO * -8 cm., and of iodine ions, 
2*26 XlO- 8 ; in methyl alcohol soln. at 25°, the numbers are respectively 
4*98 XlO- 8 , 4*78 XlO -8 , and 4 84xl0 -8 cm.; the diameters of the atoms are 
respectively 2*33 XlO -8 , 2*52 XlO -8 , and 2*60 XlO -8 cm., while the molecular 
diameters of bromine and iodine are respectively 3*42 XlO -8 and 3*76 XlO -8 cm. 

Prom the observations of E 0 Sullivan, A A. Jakowkm, F. Boencke and 
F Haber, M. de K Thompson 52 computed the electrolytic potentials of the halogens 
in soln sat with them, at 25°, to be —1 643 volts for chlorine ; —1*353 volts for 
bromine, and— 0 817 volt for iodine. The e m f, of the gas-cell Pt | H | HC1 | Cl | Pt 
in which a hydrogen and a chlorine electrode are immersed in aq. hydrochloric acid 
should be the same as that required to electrolyze hydrochloric acid of the same con- 
centration if the process were strictly reversible , but the observed results are rather 
less than the th eoretical The gas-cell has therefore been investigated by F. J. Smale, 
E Muller, W. von Beetz, B 0 Pierce, and others. According to E Muller, the 
chief sources of eiror are due to the hydrolysis of chlorine according to 
A A. Jakowkm’s equation, and to the possible formation of perclilorides E. Muller 
found that when measured against the hydrogen electrode, the electrode potentials 
of chlorine against hydrochloric acid in the same soln are 

Concentration Observed Km i, collected Calculated e m t fiom 

of acid emf. for liydiolysis that of JV-H01. 

N- HOI ... 1 366 1 366 — 

0*12V-HC1 ... 1 485 1 480 1*477 

0*0 liV HC1 . . . 1 546 1 699 1*594 

O-OOltf-HCl . . . 1 587 1*733 1 712 

The correction for the increase of chloride ions due to the hydrolysis of the chlorine 
has largely eliminated the deviations between the observed and calculated values. 
G. N Lewis and F F. Rupert find for the electrode potential of chlorine against the 
normal electrode to be —1 0795 F. Dolezalek measured the difference in the 
e mi. of two 5N- to l22V-hydiochloric acid cells of different strengths by the 
vap. press, method, and obtained satisfactory results F. Boericke, G. N. Lewis 
and H. Storeh found for the normal electrode potentials against hydrogen at 25° 
Br 2aq . HBr H 2 , — 1*0872 volts; Br 2 ii qil id I HBr | H 2 , —1*0661 volts, and 
Br 2R0>a HBr H 2 , — 1*0824 volts. B O. Pierce gives for H 2 I NaBr aq , | Br 2 , 
1*252 volts ; for H 2 | KBr aq | Br 2 , 1 253 volts ; for 0 2 | KBr aq< | Br 2 , 0 500 volt ; 
for H 2 | Klaq | 0 861 volt ; and for 0 2 | KI a q. I h> 0*057 volt. P. D Foote 

and F. L. MohleT estimate the electro-affinity of chlorine to be 4*8 volts, 

F. Linde 53 found the dielectric constant of chlorine at —60°, with a wave-length 
about 10 4 cm , is 2*15 , at —20°, 2 03 , at 0°, 1*97 , at 10°, 2*08 ; and from 0° to 
the critical temp a decrease of about 0*0044 per degree For liquid chlorine 
W D. Coolidge obtained a dielectric constant of 1 88 (14°) and F Linde, 1 93 (14°). 
For bromine at 1° for wave-length of about 10 4 cm., P Walden found 4 6 ; and at 
23° for a wave-length 84 cm., H. Schlundt found 3*18 , with iodine, with a wave- 
length of 75 cm., W. Schmidt obtained a dielectric constant of 4 00. 

Magnetic properties. — Chlorine, bromine, and iodine are diamagnetic 54 The 
magnetic susceptibility of chlorine at atm. prees. and 16° is —0 50xl0~ 6 per unit 
mass , and at 15°, 0*007 XlO*" 1 per unit volume ; for bromine, the magnetic sus- 
ceptibility at 18° is —0*38 XlO -6 ; at 20°, 0*41x10“° per unit mass, and at 19°, 
—1 4x10“° per unit volume. For liquid iodine at 115°, the magnetic susceptibility 
is —0 4xl0“ 6 and 180°, — 0 3xl0“ 6 per unit mass, and for iodine crystals at 10 , 
—0 35 XlO" 0 The atomic magnetism of chlorine in organic derivatives is 282, 
249, 218, and 194, according as there are 1, 2, 3, or 4 chlormc atoms per moleoule ; 
von. n. y 
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with bromine, 413, 374, or 334, according as there are 1, 2, or 3 atoms per molecule ; 
and with iodine, 642 or 577, according as there are 1 oi 2 atoms per molecule 

The molecular rotation of the plane o£ polarization 56 of sodium light m an electro* 
magnetic held with reference to water unity is for a 10*1 per cent soln. of chlorine 
in carbon tetrachloride 4 344 at 7 0° ; and the atomic i otakon of ehloi me (hydrogen 
unity) is 1 675 , and of bromine, 3 5C3 In studying the mUueuee of a magnetic 
field on the optical behaviour of chlorine gas, A Ilcurung found no appreciable 
increase in the region of the absorption for light of wave-length 518 to 040/i/t. 
R. W. Wood found that if iodine be placed between the poles of a magnet and 
parallel rays of arc-light be sent through a meol prism, tlmu through n lube emit tuning 
iodine vapour, and finally through a second nieol, an intense blaze of etnenilii-grmi 
light appears when the magnet is excited. It. W. Wood (11)0(5) ami A. Henning 
(1911) have measured the spectrum of the green light several new lines 
make their appearance— and since the magneto optical effect < annul be elimi- 
nated by the rotation of the analyzer, it is inferred that only a small portion of the 
light is polarized. The effect on the individual spectrum hues of chlorine could not 
be detected. 

Summary. — The gradation in characters which the halogens show With in- 
creasing at wt, from fluorine to iodine, yields one ol the most typical family series 
of elements The boat representative values of Homo of the physical constants of 
the halogens are summarized in Table 11. The family relationship of the halogens 
is illustrated by : — 

(1) Tho similarity in the chemical and physical properties of the elemenlH 
and their corresponding compounds, is such that the properties of any one 


TabTiU II — PiiVhK'Ar. pRurnimKs ok tuk 11u.ooi*,nm 


At. wl 

StaLo aggregation (0 M ) 
Colour * 

Sp. gr. (lup) . 

Sp. vol, * 

At, vol. , 

Mol. vol. 


XJL |J, 

Critical temp. 

Coeff. expansion 
Gooff . compressibility 
Heat of fusion 
Hoat of vaporization 
Sp. ht. (0°) . 

Sp. ht. gas, C 1 P 
Sp. ht. gas, 0 9 
Ratio y 

Refractive index 
At. dispersion 
At rehaotion 
Magnet, susceptibility 
Dielectric constant . 


Mik nine 


UH) 

<Jna 

Palo y allow 
L U>8(-187“) 
tM)025 
17XG 
34 30 

— 187° 

— 2»3° 


1-0001 03 
0-022-0 03 
0-941-J-015 
3-4.S X iO-" 


Chlmliui, 


35*40 

(las 

yellowish givun 
1*508( — 33 0°) 
0*0035 
23*52 

47*04 
-33 O' 4 1 
— 102° 

147° 

0*00187 (O' 1 ) 
0*00005 
22 00 cals, 

07 US nils. 
0*2062 (lief.) 

o*ur>r> 

0*0873 
1*323 
1 000768 
0*50 
10 05 
BOX 10"* 

I 97 


llrmntim. 


70 02 
hitpmt 

JtiiiWfimh ml 
2*0283 (50 } 
0*3302 
27*13 
61*20 
60“ 

7*3” 

302" 

0*00100 (O") 
0*000052 
KM 85 iMits. 
45*0 euln. 
0*107 J (luj.) 
0*0553 
0*0428 
1*202 
1*001 125 
3*22 
15*3 

- 4*1 A 10 • 

3 1H 


bullmi. 


126 02 

Solid 
VmlH 
HUM (ll>7 M > 
0*2008 
3 I 23 

OS to 

i8.r 
1 2 1' 1 
St I 2' 

0*000025 (hfj.t 
0*liUWH3 
2*0 ettlh. 

M min. 

0*0615 (solid) 
0*0336 
0*0267 
1*307 
Hit) 1020 
3*115 
21*5 

3*5., 10 4 
4*00 


member of the family can bo said to summarize or rather to typify tin* properties 
of all the other members although fluorine diverges a little ui some of its propcirieH. 

(2) The gradual transition of chemical and physical properties such that if tho 
elements be arranged in order . E, 01, Br, I, the variation in any particular property 
in passing from fluorine to iodine nearly always proceeds in ilio same order, and that 
is the order of their at. wt. 

S im i l ar family characteristics will be found with tho chemical properties of tho 
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halogens Taking almost any property and comparing its magnitude in passing 
from the element fluorine to iodine, or from the fluorides to the iodides, a similar 
gradation will be observed * Thus, take the m.p. of the cadmium, calcium, barium, 
sodium, or potassium salts . 





Pluonde. 

Chloiide. 

Bromide. 

Iodide, 

Sodium . 


• 

• 980° 

820° 

765° 

660° 

Potassium 


• 

. 885° 

790° 

750° 

705° 

Calcium . 


t 

. 1301° 

780° 

700° 

740° 

Barium . 


t 

. 1280° 

960° 

880° 

740° 

Cadmium 


. 

. 1000° 

590° 

350° 

1000° 


The markedly greater jump in passing from the fluorides to chlorides than with 
the other steps in the case of the earths is supposed to be explained by a difference 
in constitution. There is also a difficulty with the cadmium halides. 
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5 11. Solutions of Chlorine, Bromine, and Iodine in Water, etc. 

Chlorine and bromine are fairly soluble in water , iodine has a low solubility. 
Early determinations of the solubility of chlonne m water were made by J. L Gay 
Lussac 1 in 1839, by J Pelouze m 1843, and by F Sohonfeld in 1855 They notioed 
a maximum in the solubility curve m the vicinity of 10°, and at 100° the solubility 
is ml Later determinations have been made by H W B Roozeboom m 1885, and 
byL W Winkler in 1907. At temp below 9 6°, chlonne forms a crystalline hydrate, 
Cl 2 8H 2 0 ; and this corresponds with the maximum m the solubility curve The 
solubility curves of the gases chlonne and bromine 2 are indicated in Table III. 

TA3LBJ III — The Solubility of Chlorine and Bromine in Water (L. W Winkler) 
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0 323 
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■ 


80 

3-0 

1*2 


L, W, Winkler represents the absorption coeU. of chlonne in water at 0° by the 
formula 3 0361— 0 461970+0 0001 1070 s The solubility curve ically represents 
the increasmg solubility of chlonne hydrate, and the decreasing solubility of chlorine 
gas with rising temp. The maximum, about 9 6°, occurs when the latter begins to 
predominate over the former. The solubility of chlonne m water, and the solubility 
when the gas is mixed with hydrogen or carbon dioxide, is greater, between 13° and 
38°, than corresponds with its partial press 3 According to L. W. Winkler, how- 
ever, bromine vapour dissolves m water in aocoid with Henry’s law The soln. of 
chlonne m water is called chlorine water, or aqua chlorata , and the Boln. of bromine 
in water, bromine water, or aqua bromcUa The solubility of liquid bromine in 
water, represented by the number of grams of bromine in 100 gxms. of the soln., is 



0° 

5° 

10° 

15° 

20° 

25° 

30° 

-40° 

60 6 

Water 

. 4 17 

3 92 

3 74 

3 fc 05 

3 58 

3 48 

3 44 

3 45 

352 

Solubility • 

, 3-98 

3 77 

3 61 

3 62 

3*46 

3 36 

3 32 

3 33 

3 40 


The solubility of iodine m water has not been so closely investigated as that ot 
chlonne or bromine, 4 and the determinations are not in close agreement. H Hartley 
and N. P. Campbell found that water dissolves 

0 D 18° 25 ° 85° 45° 55“ 60° 

Iodine . 0-1620 0 2705 0*3395 0 4661 0*6474 0-9222 0-9666 grma. per litre 

The value at 0° 15 by G JoneB and M. L. Hartmann, and that at 60° by 
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R. Luther and G V Sammet. The soln. require one to two days to reach the point 
of sat and they are brownish-yellow m colour 

Crystals of chlorine hydrate or of bromme hydrate arc rcadnv formed 
when aq soln of chlorine or bromine respectively are cooled to about 0 . 
According to J Pelouze crystals of chlorine hydrate are formed when a few drops 
of hydrochloric acid are added to an aq soln of hypochlorous acid B cooled to 
about 2° or 3° A Ditte sealed chlorine hydrate, containing an excess of water, in 
a long bent A-tube. The leg containing the hydrate was warmed, and the chlorine 
was condensed to a liquid in the cold leg of the tube by the press of its own vapotn. 
When the apparatus was slowly cooled, fine fern-like crystals of the hydrate re-foim 
on the surface of the water On standing some tune, these crystals disappear 
re-for ming isolated greenish-yellow crystals about 2 or 3 mm long These crystals 
aie highly refracting, and belong to the cubic system The crystals of either hydrate 
axe formed by leading the gas ot vapour through a tube cooled to about 4° and 
moistened on the inside with water In winter time, pipes 0 conveying chlorine 
gas may become clogged by the formation of the hydrate 

Chlorine hydrate was formerly thought to be solidifiod chlorine, but II Davy 
demonstrated that the crystals contained water The yellow crystals of chlorine 
hydrate examined by M Faraday 7 (1832) contained 27 7 per cent of chlorine and 
72 3 per cent of water, this is nearly eq to Cl 5H 2 0, ot to 01 2 10H 2 O, and he added, 
CC I have chosen it because it gave the largest proportion of chlorine of any experi- 
ment I made , ” and owing to inevitable losses of chlonne m drying, lie said, “ It 
is even possible that thisproportion of chlonne is under-rated, but I believe it to be 
near the truth ” H WT B Roozeboom (1884) makes the proportion CL 8H 2 0, 
and R de Forcrand (1901), Cl 2 7H 2 0. The existence of the hydrates, 01 2 I21l 2 0 ; 
C1 2 .7H 2 0, and C1 2 4H 2 0, reported by G Maumen6, have not been confirmed. 
Hyacinth-red octahedral crystals of bromine hydrate, sp gr. 1 49 (4°), wore 
obtained by C. Lowig m 1829 , there composition was determined by W. AJcxejefi in 
1876, and by H W. B. Roozeboom (1884), whose analyses agree with the formula, 
Br 2 10H 2 O H, Giran’s thermal analysis of the binary system Br-HoO, and his 
analyses of the crystals, agree with the formula Br 2 8H 2 0. 

According to M. Faraday, the crystals of chlorine hydrate may be sublimed 
without decomposition m a sealed tube at 15*5° (M Faraday), or at 20° (K, 
Biewend) 8 ; but according to F. Wohler at 38°, they form two liquids — one 
rich in chlorine, is a soln of water m chlonne , and the other rich in water, is a 
soln. of chlonne in water ; accordin g to W. AlexejefE, bromme hydrate also decom- 
poses into two analogous layers at 15°. In both cases the hydrate is re-formed on 
cooling to 0° The critical temp, of decomposition of chlorine hydrate in open 
vessels is 9 6°, and in dosed vessels, 28 7°. According to H W. B Roozeboom, the 
dissociation press of chlonne hydrate from —10° to —0 24° is between 156 and 248 
mm. ; and between — 0 24° and 28 7°, from 248 mm to 6 atm There are turning- 
points in the curve at —0 24° and 28 7° F Isambert’s 9 measurements of the 
dissociation press, of chlonne hydrate between 0° and 14'5° agree fairly well with 
those of H W B Roozeboom. According to the latter, the decomposition tension of 
bromine hydrate from —10° to —0 3° is from 25 to 43 mm. ; from — 0*3° to 6*2°, 
43 to 93 mm Above 6 2°, bromme hydrate crystals form an emulsion of water and 
bromine which slowly separates mto two liquids— (i) a Boln of water in bromine 
and (ii) a soln of bromine in water In open vessels, under atm. press., bromine 
hydrate decomposes at 6’8° ; at higher press the decomposition temp is still higher 

at 150 atm of oxygen press , it is stable at 20°, according to P. Villard ; 10 and at 
200 atm of hydrogen press , it is stable at +9°. The increased stability of the 
hydrate m compressed oxygen is connected with the gTeat solvent power of com- 
pressed oxygen gas for bromine vapour, and the consequent increased partial press, 
of the atm of bromine on the hydrate 

F Villard has measured the influence of compressed gases on the vapour press, of 
liquid bromine, and he found that bromine vapour is fairly soluble m compressed oxygen 
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such that at 300 atm press compressed oxygen takes up six times the normal amount ; 
if the press is released, the oxygen gives up the dissolved bromine in the form of small 
drops The greater the press the greater the amount of bromme dissolved by the compres- 
sure oxygen, and the deeper the colour Compressed nitrous oxide takes up the same 
amount of bromine at 20 atm press as it does at 40 atm Iodine also volatilizes m com- 
pressed oxygen andm compressed methane, and crystallizes out when the press is relieved. 
Ethylene gas at 300 atm press is coloured deep violet by the dissolution ot iodine, and the 
colour gradually disappears on standing owing to the union of the iodine with the ethylene 
An interesting illustration of the dissolution of vapours by compressed gases is furnished 
by methane which dissolves its own volume of ethyl chloride, C a H B Cl, at 180 atm ; at 
200 atm press , the two substances are miscible m all proportions, and the surface ot' 
separation between liquid and gas disappears P Villard proposes to take advantage of 
the property for the distillation of substances decomposed by heat The vapour is dis- 
solved when the gas is compressed and rejected when the press is relieved 

H W B Roozeboom has measured the solubility of chlorine and bromine 
hydrates m water and expressed his results m terms of “ grams of chlorine per 
100 grms of soln 99 He found that 100 grms of soln contain 0 492 gnu of chlorine 
at —0 24°, at which temp the solid phase present is a mixture of ice and chlonne 
hydrate, Cl 2 8H 2 0 Between 0° and 28 7° the solid phase is the hydrate alone, 
and the soln has 


0 ° 2 ° 4 ° 0 ° 8 ° 9 ° 20 ° 28 7 ° 

Chlonno 0 533 0*044 0 732 0 823 0 917 0 937 1 85 3 09 per cent. 


The binary system has not been completely explored. Similarly with bromine 
hydrate 100 grms of soln dissolve 2 17 grms of bromine at —0 30°, and the solid 
phase is ice and the hydrate Br 2 10H 2 0. Between —0*3° and 6 2°, the solid phase 
is the hydrate, Br 2 .10H a O, alone, and the soln has 

-0 2 ° 0 ° 3 ° 6 ° 6 2 ° 

Bromine . . 2 25 2 31 2 97 3 50 3’53 per cont 


6&tm\ 



C*Uv‘ 


In the latter case, there are two soln , one layer contains a soln of bromine in 
water, the other, a soln of water in bromine. There is an unstable system with 
ice aB the solid phase at —3 7° with 3 03 grms of 
bromme, which may form before the hydrate, 

Br 2 10H 2 0, separates 

In the system 01 2 +H 2 0, there are two com- 
ponents, ]ust indicated ; two solid phases — ice and 
chlorine hydrate, C1 2 .8H 2 0 ; two soln — one a soln. 
of water m an excess of chlorine, Sol. I, and a soln 
of chlorine m an excess of water, Sol II , and a gas 
phase — a mixture of chlorine and water vapour m 
varying proportions The system has not been 
completely studied, but sufficient is known to show 
that the equilibrium curves take the form shown ^ 2Q 
diagrammatically in Fig 20. The two invariant 1 
systems L and B have four coexisting phases — 

L (28 7° ; 6 atm ) denotes the point at which the 
hydrate decomposes — ice, Sol I, Sol. II, vapour; B (-—0 24°; 244 mm) is a 
eutectic point — ice, hydrate, soln , vapour The umvariant systems with three 
coexisting phases comprise the curves • BL — hydrate, Sol. II, vapour , BL — 
hydrate, Sol I, vapour; LE — Sol. I, Sol, II, vapour; LH— hydrate, Sol. I, 
Sol. II ; GB — hydrate, ice, vapour , BF — ice, Sol II, vapour , BG — ice, hydrate, 
Sol, II. The bivanant systems, representing two coexisting phases, are included 
in the areas bounded by the curves 

A similar result was obtained with the system Br 2 +H 2 0, where the hydrate is 
Br 2 .10H 2 O, and the invariant systems occur at the two quadruple points : L( 6 2°; 
93 mm.) and B (—0 3° ; 43 mm.). Iodine forms no known hydrate with water. 1 
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W L. fioodwm’s values for the specific gravity of chlorine water- -presumably 
sat at the temp indicated — are 

Temp . . 2 5° 8*0° 16 3° 23° 24° 25 5° 

Sp gr . . 1 00400 0 00494 1 00424 1 000264 1 00009 0 90984 


The value for water at 2 5° was 0 99980 ; and at 25 5°, 0 994247 The specific 
gravity of bromine water was measured by J Slessor 11 m 1858, and for soln. con- 
taining to grins of bromine m 100 grms of water, he found 


w - 1 072 1 205 1 231 l 874-1 906 1 952-2-009 2 089-2 165 3 102-^3 169 

Sp gr 1 00901 1 00955 1 01223 1 01491 1 01586 1 01807 1 02307 


The last-named soln was sat. 

According to T J Baker, 12 the molecular heat of solution of chlorine m water 
is 4 97 Cals , and according to J Thomsen, 4 87 Cals M Berthelot places this 
constant between 3 and 7 5 Cals — the mdefimteness is due to a reaction between 
chlorine and the water. H le Chatelier estimates that a mol of liquid bromine 
dissolving in water develops 1 08 Cals From the effect of temp on the absorption 
coefl, ft, the heat of soln. Q of bromine vapour m water is RT^d log j3 IdT ) ; or 
4 57ir 2 (d log p/AT) Eor bromine vapour, Q, at 0° is 8 35 Cals., and at 00°, 
6 5 Cals, If A denotes the latent heat of vaporization, the heat of soln of a mol of 
liquid bromine m water will be A +Q, where A=7696— 8 480 Cals. The values of 
the heat of soln of liquid bromine are very small, and become negative at about 40°. 
S U Pickering found a mol of bromine absorbed 1 508 CalB when dissolved in 
2700 mols of water H Hartley and N P Campbell estimated the beat ot Roln. 
of iodine to be 5 09 Cals at 21 5° and 7 38 Cals at 50° G N Lewis and 
M Randall calculate the free energy of formation of a mol of an aq soln from the 
solid at 25° or 298° K is 3926 cals , or — RT log 0 0132 The diffusion coefficient 13 
of chlorine in aq. soln containing 0T mol per litre is 1 22 grms per m cm per 
day at 12°; 0 8 for bromine; and 0 9 for iodine P A Hengloin lnts made 
observations on the vap p T ess, of aq soln of chloime, bromine, and iodine. 

The molecular conductivity of aq soln of chlorine were found by A. A . J akowkin 14 
to be rather large If v denotes the number of litres containing a mol. of chlorine 
the molecular conductivity is, at 0° ’ 


and at 25° 
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129 5 


22 96 
200 2 


99-01 
183 0 


45 12 
270 
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2204 

221-1 
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2028 
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At high dil , therefore the conductivity js not far from that of hydrochloric acid 
A A. Jakowkm a explanation turns on the assumption, for which there is much 
confirmatory evidence, that m aq soln , the chlorine is hydrolyzed SSdnfi W 
chlorous acid, HOC1, and hydrochloric acid: Cl a +H 2 0^HG'l4-H0Cll and^the 
high conductivity, with highly dil soln shows that the hydrolysis is nearly conuilelT 

t! hyfted A - A - JakWkm ’ ab0Ut 0f ae ^ 

P^^hbon law.— If Oj, b lt Cj, . . . denote the concentrations of a eas dis- 

g „ u. “feferA W ; ISC’" 8 «< 


This law, applicable 
anti tbe space above. 


Ci ___ 


^2 


= Constant 


for the distribution of a soluble gas between a liquid solvent 
oan be extended to include the distribution of a solute between 
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two immiscible solvents — e g. iodine or bromine between water and ether, water and 
benzene, and between water and carbon disulphide ; as well as silver or gold between 
molten lead and zinc , feme chloride between ether and water, etc. This fact was 
indicated by M Berthelot and E. Jungdeisch 16 m their paper Sur les lois qui 
'president au partage d’un co?ps entre deux dissolvants In illustration iodine or 
bromine m a mixture of immiscible water and carbon disulphide divides itself so 
that the Tatio of the concentrations of the solute in each layer is always the same. 
This constant is sometimes called the partition coefficient. Berthelot and Jung- 
fleisch’s results in Table IV illustrate the principle , the concentrations of the halogens 

Table IV — Partition Coefficient of Iodine and Bromine between Water and 

Carbon Distjlthide 


Iodine 

Bromine. 

Waiter 

cs 2 

Quotient 

Water 

C8 a 

Quotient 

0 0041 

1 74 

0-00238 

0 0300 

2-46 

0 0122 

0-0031 

1 29 

0 00250 

0 0200 

1 55 

0 0128 

0 0010 

1 60 

0 00244 

0*0011 

0 09 

0 0125 

0 0010 

0 41 

0 00244 





in the solvent indicated m the first two columns of each table refer to the amounts 
of solute m 10 o c of solvent Although the constants are not uniformly the same, 
the deviations are withm the range of experimental error Later measurements, 
by A A Jakowkm and others, between water and carbon tetrachloride, bromoform, 
amyl-alcohol, or carbon disulphide made under better conditions, give smaller 
deviations Similarly, when an aq soln. of hydrogen peroxide is shaken with amyl 
alcohol, the peroxide divides itself between the two solvents so that the ratio of 
the concentration of alcohol phase to the cone of aq phase has always the same 
numerical value at a given temp Expressing concentrations m milhgram-molecules 
per litre, H T Calvert (1901) found at 25° . 


Amyl alcohol phase 

. 13 4 

28 0 

41 9 

06-0 

94 5 

ISO 2 

Aq phase . 

. 94 0 

193 5 

290*7 

460 0 

670 0 

912 6 

Quotient 

. 7 0 

60 

7*1 

7 1 

7 I 

7 0 


The facts are generalized m the so-called Berthelot and Jungfleisch’s partition 
law : When two immiscible solvents are simultaneously in contact mth a substance 
soluble m both, the solute distributes itself so that the ratio of the concentrations of the 
solute in each solvent is constant. Otherwise expressed : 

Concentration of soluto m solvent A 

— — — • = Constant, say h. 

Concentration of boluto m solvent B 

If the ratio be unity, the concentrations of the solute in each solvent will he the 
same ; if the Tatio be far removed from unity, a correspondingly large proportion 
of the solute will be found in the one solvent which can be utilized to extract the 
soln from the other solvent E g ether will remove ferric chloride from its aq. soln , 
and since many other chlorides are almost insoluble in ether, the process is utilized 
m analysis for the separation of iron from the other elements , the solubility of 
cobalt thiocyanate m ether is utilized for the separation of cobalt ; percbromic acid 
is similarly separated from its aq soln. by ether ; molten zinc extracts silver and 
gold from molten lead , the extraction of organic compounds from aq soln by 
shakrng out with ether or other solvent is much used m organic laboratories. 

If u? 0 grins, oi iodine be dissolved in unit quantity of water, and this be shaken up with 
unit quantity of immiscible oarbon disulphide, it follows that a quantity w 1 will remain 
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W. L. Goodwin’s values for the sjecific gravity of chlorine water- presumably 
at. at the temp, indicated — axe 


Temp. . 
Sp. gr. • 


2-5° 8-0° 

1-00406 0-00494 


16'3° 23° 

1-00424 1-000264 


24° 25-5° 

1-00069 0-99984 


The value for water at 2'5° was 0-99980; and at 25’5°, 0-994247. The specific 
[rarity of bromine water was measured by J. Slessor 11 m 18o8, and for soln. con- 
■■ ainirig w grins, of bromine in 100 grins, of water, he found 


o . 1*072 1*205 

3p. gr. 1-00901 1-00955 


1-231 1-874-1*906 1-952-2*009 2-089-2*155 

1-01223 1-01491 1-01585 1-01807 


3-102-3-169 

1-02367 


Ehe last-named soln. was sat. , 

According to T. J. Baker, 12 the molecular heat of solution of chlorine m water 
is 4*97 Cals and according to J. Thomsen, 4*87 Cals. M. Berthclot places this 
constant between 3 and 7*5 Cals.— the indefiniteness is due to a reaction between 
chlorine and the water. H. le Chatelier estimates that a mol. of liquid bromine 
dissolving in water develops 1*08 Cals. From the effect of temp, on the absorption 
coeff., B, the heat of soln. Q of bromine vapour in water is Q==—RT~{d log pjdl ) ; or 

4-571T 2 (d logftfdT). For bromine vapour, Q, at 0 Q is 8*35 Cals., and at (>0 , 

6*5 Cals If A denotes the latent heat of vaporization, the heat of soln. of a mol. of 
liquid bromine in water will be A+0, where A=7696 -8'480 Cals. The values of 
the heat of eolu. of liquid bromine are very small, and become negative at about 40 . 
S. U. Picker ing found a mol. of bromine absorbed 1*508 Cals, when dissolved m 
2700 'mols of water. H. Hartley and N. P. Campbell estimated the heat of soln. 
of iodine to be 5*09 Cals, at 21*5° and 7*38 Cals, at 50°. G. N. Lewis and 
M Randall calculate the free energy of formation of a mol. of an aq. soln. from the 
solid at 25° or 298° K . is 3926 cals. , or - RT log 0 0132. The diffusion coefficient in 
of chlorine in aq. soln. containing 0*1 mol. per litre is 1*22 grms. per sq. cm. per 
day at 12° ; 0*8 for bromine ; and 0*9 for iodine. F. A. Honglein has made 
observations on the vap. press, of aq. soln. of chlorine, bromine, and iodine. 

Themoleculax conductivity of aq. soln. of chlorine were found by A. A. Jakowkin u 
to be rather large. If v denotes the number of litres containing a mol. of chlorine, 
the molecular conductivity is, at 0° 


V . . . 

17-18 

43-33 

99*01 

195-0 

372-7 

651 

2204 

fl . . , 

7963 

129-5 

183*0 

221-1 

241-4 

244 

247-5 

and at 25° 








V 

. 11-74 

22-96 

46 12 

91-84 

306 

732 

2928 

fi . . 

. 138 

200*2 

270 

338 

392 

396 

39(1-5 


At high dil., therefore, the conductivity is not far from that of hydrochloric*, acid. 
A. A. Jakowldn’s explanation turns on the assumption, for which there is much 
confirmatory evidence, that in aq. soln., the chlorine is hydrolyzed forming hypo- 
chlorous acid, HOC1, and hydrochloric acid: C1 2 +H 2 0^HC1+H0C1, and the 
high conductivity, with highly dil. soln. shows that the hydrolysis is nearly complete. 
According to A. A. Jakowkin, about one-tenth of the chlorine in a sat. soln. at 0° 
is hydrolyzed. 

The partition law. — If a lt b lt c lt . . . denote the concentrations of a gas dis- 
solved in a given liquid and © 2 , c z> • • • ike corresponding concentrations of the 
gas in the space above the liquid, Henry’s law means that 


©1 C]_ 

©2 ^2 °2 


. = Constant 


This law, applicable for the distribution of a soluble gas between a liquid solvent 
and the space above, can be extended to include the distribution of a solute between 
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two immiscible solvents — e.g. iodine or bromine between water and ether, water and 
benzene, and between water and carbon disulphide ; as well as silver or gold between 
molten lead and zinc ; ferric chloride between ether and water, etc. This fact was 
indicated by M. Berthelot and E. Jungfleisch 16 in their paper : Sur les lots gui 
president au partage d’un corps entre deux dissolvants. In illustration iodine or 
bromine in a mixture of immiscible water and carbon disulphide divides itself so 
that the ratio of the concentrations of the solute in each layer is always the same. 
This constant is sometimes called the partition coefficient. Berthelot and Jung- 
fieisch’s results in Table IV illustrate the principle ; the concentrations of the halogens 

Table IV. — Partition Coefficient of Iodine and Bromine between Water and 
Carbon Disulphide. 


Iodine. | 

Bromine, 

Water. 

ca. 

Quotient. 

Water. 

OS a 

Quotient. 

0-0041 

1-74 

0-00238 

0-0300 

2-46 

0-0122 

0-0031 

1-29 

0-00250 

0-0200 

1-65 

0-0128 

0-0016 

1-66 

0-00244 

0-0011 

0-09 

0-0125 

o-ooio 

0-41 

0-00244 





in the solvent indicated in the first two columns of each table refer to the amounts 
of solute in 10 c.c. of solvent. Although the constants are not uniformly the same, 
the deviations are within the range of experimental error. Later measurements, 
by A. A. Jakowkin and others, between water and carbon tetrachloride, bromoform, 
amyl-alcohol, or carbon disulphide made under better conditions, give smaller 
deviations. Similarly, when an aq. soln. of hydrogen peroxide is shaken with amyl 
alcohol, the peroxide divides itself between the two solvents so that the ratio of 
the concentration of alcohol phase to the cone, of aq. phase has always the same 
numerical value at a given temp. Expressing concentrations in milligram-molecules 
per litre, H. T. Calvert (1901) found at 25° : 

Amyl aloohol phase . 13 -4 28*0 41-9 65‘0 94-5 130*2 

Aq. phase . . . 94*0 193-5 296-7 460-0 670-0 912-5 

Quotient . . . 7-0 6-9 7'1 7-1 7*1 7*0 

The facts are generalized in the so-oalled Berthelot and Jungfleisch’s partition 
law : When tioo immiscible solvents are simultaneously in contact with a substance 
soluble in both, the solute distributes itself so that the ratio of the concentrations of the 
solute in each solvent is constant. Otherwise expressed : 

Concentration of solute in solvent A 

— — — — — — ; ; — = Constant, say h. 

Concentration of solute in solvent B 

If the ratio be unity, the concentrations of the solute in each solvent will be the 
same ; if the ratio he fax removed from unity, a correspondingly large proportion 
of the solute will be found in the one solvent which can be utilized to extract the 
soln. from the other solvent. E.g. ether will remove ferric chloride from its aq. soln., 
and since many other chlorides are almost insoluble in ether, the process is utilized 
in analysis for the separation of iron from the other elements ; the solubility of 
cobalt thiocyanate in ether is utilized for the separation of cobalt ; peichromic acid 
is similarly separated from its aq. soln. by ether ; molten zinc extracts silver and 
gold from molten lead ; the extraction of organic compounds from aq. soln, by 
shaking out with ether or other solvent is much used in organic laboratories. 

If w Q grm s. of iodine be dissolved in unit quantity of water, and this be shaken up with 
unit quantity of immiscible oarbon disulphide, it follows that a quantity w 1 will remain 
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in the aq. layer and io 0 — w, will pass to the carbon disulphide, so that -uq =&(«?(, ~-wq), ° r 
v} x —w^cj[l+k) remains m the aq. layer, and w 0 — uq passes into carbon disulphido. A 
second extraction with the same quantity of carbon disulphide gives w 3 =A*(w, — K» a ) 2 or, 
substituting the previous value of ttq, tiq=ip 0 & 2 y(l+i:) a ; and generally, after tho nth 
extraction 

remains in the aq. layer — the greater the number, n, of extractions, the smaller tho quantity 
of substance remaining m the aq. layer. It can be shown in a similar way that with a 
given q uan tity of the extracting liquid, a better separation is obtained after many extrac- 
tions with small quantities of the liquid than by few extractions with largo quantities. 
The extraction oan never be theoretically complete ; the smaller the value of k llio greater 
the efficiency of the process. Thus, with 10 grms. each of iodino and brornino m the 
aqueous layer the second extraction will leave 10(0*002444-1*00224)®, or 0-0000(1 grm. of 
iodine, and 10(0*01254-1*0125) 2 , or 0*0016 grm. of bromine. The samo principles obtain 
in washing precipitates. 


Suppose that the molecules of the solute ammonia remain normal, NIT3, in 
one solvent, say water; and that the molecules of the ammonia partially or com- 
pletely polymerize in the other solvent, say chloroform, such that 2NH;$v^N;Jf<$, 
Then, for equilibrium. C 0 =fc 1 C? 2 1 , where represents the cone, of tho molecules of 
ammonia, NH 3 , in water ; and C 0 represents the eonc. of the molecules of ammonia, 
N 2 H a , in the chloroform. Again, if the molecules of ammonia are polymerized 
only in the chloroform, and not in the water, then, Co=KiC{ 2 , or Ci— v^V'O* 
W. Herz and M. Lewy (1906) tested this hypothesis by finding how the formula so 
deduced fitted the facts. The fit was quite satisfactory ; this wub taken to prove 
that the ammonia molecule doubles on itself in this solvent. The partition law 
thus furnishes a method of measuring the relative mol. wt. of a solute in a given 
solvent. If the partition coeff. be not constant, it is inferred that the assumed mole- 
cular cone, is different from that which actually obtains. 

The constitution of chlorine water. — As already indicated numbers ranging 
from Cle.lOHgO to CI2.7H2O have been given for the composition of tho hydrate. 
C. E. Schonbein, 18 shortly after the discovery of hypochlorous acid, suggested that 
the chlorine in chlorine hydrate is present as hypochlorous and hydrochloric acids : 
HCl.HOCl.9H2O, although no experimental evidence was given in. support of the 
hypothesis. H. E. Roscoe sought for oxy-chlorine acids in chlorine water by passing 
a stream of carbon dioxide through the liquid, hut found no signs of these acids in 
the more volatile portion. C. Gopner assumed that the presence of hypochlorous 
and hydrochloric acids in chlorine hydrate was proved by the fact that mercuric 
ohloride is formed on treating the hydrate with mercury — W oiler’s reaction ; but 
R. SchifE argued that if chlorine hydrate contained hypochlorous acid, it should be 
rapidly decomposed in diffused daylight; but, unlike hypochlorous acid, chlorino 
hydrate is comparatively stable under these conditions. The smell of dry chlorine 
hydrate with its 28 per cent, of chlorine, is not so marked as that of a 0*7 per cent, 
soln. of chlorine. This shows that the vapour tension of the chlorine in chlorino 
hydrate is very small. R. Schiff also argues that the pale colour of chlorine hydrate 
is against the formula HC1.H0C1.9H 2 0 for chlorine hydrate.' The work of 
A. A. Jakowkin shows that a fractional portion of the chlorine in an aq. sola, is 
hydrolyzed as suggested by C. TV Schonbein (1847) and by N. A. E. Millon (1849). 

-Li ^kowkin ^ employed the partition coeff. between chlorine water and carbon 
tetrachloride for estimating the concentration of free non-hydrolyzed chlorino in a 
soln. of that gas. If the hydrolysis be neglected, and the assumption be made that 
thewhole of the chlonne m the aq. soln. be present as dissolved free chlorine tho 
4 between ^ ater and tetrachloride changes. from 

fW +4 5 A 13 ta . ke ? t0 . mean t ^ at something is wrong with the assumption 

°^' A ' A ' d akowkin calculated the degree of 
^ the conduc tivity measurements of tho 

aq. soln., deducted the amount of hydrolyzed chlorine from the total chlorine, and 
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the remainder, when assumed to represent the chlorine in eq uilib ri um with that in 
the carbon tetrachloride layer, gave a satisfactory partition coeff. — roean=20'0 — 
as illustrated in Table where the concentrations are expressed in milligram- 
molecules per litre. 


Table V. — Partition Coefficient of Chlorine between Water and Carbon Tetra- 
chloride AT 0°. 


Total chlorine. J 

Hydrolyzed chlorine 

In aqueous layer, 

X. 

Chlorine as Cl 8 In 
aqueous layer- 
ed-*) 

Partition coefficient 

tLA c a 

fc “C 1 (l— x) 

Aqueous layer 

Ci 

C01 4 — layer 

C a 

58-21 

803-3* 

0-3185 

39-67 

20-25 

38-36 

464-6 

0-4012 

22-97 

20-22 

23 08 

222-5 

0-6180 

11-12 

20-10 

16-33 

127-4 

0-6092 

6-382 

19-97 

10-10 

52-93 

0-7320 

2-707 

19-55 


The partition coeff. rises from 20*0 at 0° to 30*5 at 28*6°, and to 35*2 at 57*5°. The 
hydrolysis attains a maximum at about 90°. Hydrochloric and hypochlorous acids 
are inappreciably soluble in the carbon tetrachloride ; and the proof that the 
molecules of chlorine dissolved in the carbon tetrachloride are present as Cl 2 molecules 
turns on the fact that the partition coeff. of chlorine between chlorine gas and carbon 
tetrachloride is constant in accord with Henry’s law. Thus, representing concen- 
trations in milligram-molecules per litre : 


Chlorine in air . 

. 0-1109 

0-2666 

0-5365 

0-8800 

Chlorine in CC1 4 

. 8-908 

22-46 

44-14 

76 09 

Quotient 

. 0-0124 

0-0119 

0-0122 

0-0117 


The mean value of the partition coeff. is therefore 0'012. Hence, the chlorine in 
soln. has the same molecular state as chlorine gas. These observations also show 
that the solubility of chlorine in water does not follow Henry’s law if the total 
chlorine in soln. be considered, because only that portion of the chlorine which is 
not hydrolyzed is partitioned between the liquid and the space above. If allowance 
be made for this, the partition coeff. between chlorine water and air is 20x0*012 
=0*24. Chlorineg as at one atm. press, contains mol. per litre ; hence, if the 
partition coeff. be 0*24, a litre of chlorine water in equilibrium with chlorine gas 
at one atm. press, and at 0° will contain ^- 3 - 4 X 5-55 =0*186 mol. per litre, or 1*32 
grins, of free chlorine and 146 grms. of hydrolyzed chlorine per 100 c.c. The 
solubility of ohlorine in water is 0*089 mol. per litre, and of this 0*025 mol. is 
hydrolyzed. At 25°, there will be 0*081 mol. of non-hydrolyzed chlorine per litre. 

The prosenoe of hypochlorous acid in the aq. soln. is shown by leading a current of 
mixed air and chlorine through a flask of water between 90° and 95°, and condensing 
the products in a cooled flask. Hypochlorous acid is volatilized and condensed. 
S. U. Pickering 18 also showed in 1880 that when an aq. soln. of chlorine is boiled in 
an open vessel, a dil. soln. of hydrochloric acid remains after the expulsion of ’the 
free chlorine, and A. Riohardson (1903) has sliown that when chlorine water is 
distilled, the hydrochloric acid is eq. to the hypochlorous acid in the distillate. 
The presence of chlorides, hypochlorous, hydrochloric, and other acids diminish the 
hydrolysis in virtue of the mass action law : Cla+HgO^HCl+HOCl. In conse- 
quence, the apparent solubility of chlorine will be diminished, since less -will be 
needed for establishing equilibrium: C^+H^O^HOl+HOCl — unless the result 
be obscured by a reaotion botween the acid and the chlorine such as must occur when 
the soln. contains over about a gram of HC1 per 100 c.c. of hydrochloric aoid. 

The partition coeff. of bromine between water and carbon tetrachloride, is so 
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nearly constant that the results are not much affected by hydrolysis. The greatest 
deviations occur with the more cone. soln. of bromine '(over 3 grms. per litre). The 
low solubility of iodine prevents highly cone. soln. being employed, and the partition 
coeff. between water and carbon tetrachloride is fairly constant. The concentrations 
in Table VI are in grams per litre of soln. 


Table VI. — Partition Coefficient of Iodine and Bromine between Carbon 
Tetraohlobide and Water. 


Bromine. 

Iodine. 

In water. 

In CC1* 

Coefficient. 

In water. 

i In CC1 4 

Coefficient. 

14*42 

645-20 

37-82 

0-2913 

25-61 

87-91 

3*216 

94-84 

29-48 

0-1934 

16-54 

85-51 

0-7711 

21-63 

27-92 

0-1934 

10-54 

85-30 

0*4476 

12-09 

27-02 

0-0818 

6-966 

85*15 

0*2478 

6-69 

27-00 

00516 

4*42 

85*51 


The electrical conductivity of bromine water measured by W. C. Bray >9 is also 
referred to hydrolysis : Br 2 +H 2 O^HOBr-fHBr, and a negligibly small part to 
the ionization of bromine itself : Br 2 ^Br-f Br'. He made the hydrolysis constant 
of bromine water 2 4xl0 _s ; A. A. Jakowkin, that of chlorine water 4*48x10 ~ 4 . 
According to the measurements of Gr. Jones and M. L. Hartmann, the hydrolysis 
constant for iodine in water at 0° approximates 9x10 lfl ; and according to 
W. C. Bray, 0*6 Xl0~ 12 at 25°. It will be remembered that the hydrolysis constant 
is represented by K in the equation : A[Br 2 ] =f H* ][Br'][H0Br ], where the symbols 
in brackets represent the concentration of the substances concerned in the balanced 
reaction, H fi 0+Br 2 =H0Br4-H*+Br', and the concentration of the water in the 
system is so large that the proportion which is concerned in the reaction is negligibly 
sma'l. The value of K for bromine at 25° is nearly the geometrical mean of the 
hydrolysis constant of chlorine and iodine : 


Hydrolysis constant, K (25°) 


Chlorine. 
4-48 X 10-* 


2-4 X 10- 8 


Iodine. 

0*0 x 10“** 


At 0° the hydrolysis constant of iodine is 9 x 10-w. The hydrolysis in iodine water 
is assumed to be I 2 +H 2 O^HI+HIO. The specific electrical conductivity of 
iodine waterrises very rapidly to <*bout 4 X 10- 6 and then slowly to about 20 X 1 0‘ # ■ 
this last effect is supposed to be due to a secondary reaction involving: 
3I 2 -f-3H 2 0 =5HE +HIO 0 . h ' 


The photochemical decomposition of chlorine water, bromine water, and 
mdine water.— In 1785, C. L. Berthollet 20 noticed that chlorine water is gradually 
HeW° Sed h7 eXp ° BVXe t0 HgLt) formin g »q- hydrochloric acid and oxygen. 


* 1 m a I ^°.r nb ” ? £ ^leaTC SSSSTo ' 

some days. I found in. the vessel, connected with the flask bv means of the tni™ * 

of an elastic fluid which was the purest vital air foxvvenl Muontaty 

from the add in the flask, so did the liquid lose its^vellow colour a,r developed 

black p.p er ,U M ,U q ,ddrfered no ° 0V<,TOd with 


The explanation, on H. Davy’s chlorine theory 
2H 2 0 +2 C l2x=^4HCl + 0 2 ; and, in agreement with 


is embodied in the equation : 
W. H. Wollaston’s observation 
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that the chemically active or actinic rays are the most refrangible, H. Davy (1812) 
also noted that rays at the violet end of the spectrum are more active in promoting 
the decomposition of chlorine water than the other rays. N. T. de Saussure (1790) 
also found that the rate of decomposition depends on the intensity of the light. He 
said in his memoir : Effets chimiques de la lumiere sur une haute montagne comparSs. 
avec les plaines : ceux qu’on observe dans les plaines : 

As soon as light impinges on dephlogisticated muriatic acid, it is decomposed. . . . 
Since the decomposition takes place gradually; and its velocity, within certain limitations, 
is proportional to the intensity of the light, I had a notion in 1787 of trying if the quantity 
of oxygen which is developed in this reaction cannot be utilized as a kind of photometer to 
measure the action of light. 

The observations have been confirmed by T. Torosiewicz (1836), 21 who noticed 
the decomposition proceeds more rapidly in white than yellow glass ; by J. W. Draper 
(1845) ; W. C. Wittwer (1855), etc. According to J. W. Draper, warming the chlorine 
water facilitates the action of light, but does not itself provoke the reaction ; and 
he states that “ the decomposition of water once begun in the sunbeams goes on 
afterwards in the dark,” for a bulb of chlorine water which has been exposed to 
sunshine was placed in the dark and the quantity of gas given off during the first 
six hrs. was 

1st 2nd 3rd 4th Bth 6th hr. 

Gas evolved . 0-0162 0-0159 0-0086 0*0060 0-0038 0*0031 cub. in. 

and thenceforth for four days in diminishing quantities. He says the evolution 
of gas is not altogether due to the gradual escape of oxygen formed while the 
liquid was exposed to the sun, and held in a state of temporary soln., nor 
to the decomposition of hydrogen peroxide or chlorous acid formed in the 
liquid. The quantity given off in the dark depends on the intensity of the 
light to which it was originally exposed, and on the time of exposure. The cause of 
the decomposition of insolated chlorine water in darkness was attributed to a change 
in the nature of the chlorine induced by exposure to the sun’s rays. He says : 

Chlorine is one of thoso nllotropic bodies with a double form of existence — active and 
passive. As commonly prepared it is in its passive state ; but on exposure to the indigo 
rays, or ether causes, it changos and assumes an active form. In this latter state, its 
affinity for hydrogen bocomes so great that it decomposes water without difficulty. 

The decomposition of chlorine water when placed in the sunbeam, adds J. W. Draper, 
does not begin at once, but a certain space of time intervenes, during which the 
chlorine is undergoing its specific change. R. Bunsen and H. E. Roscoe 22 do not 
consider that the modification which chlorine undergoes hy exposure to light is so 
persistent as J. W. Draper reoords ; possibly, said the latter, beoause “ the insolation 
to which the chlorine was submitted was not continued sufficiently long, or perhaps 
the light was not sufficiently intense.” There is no doubt that- chlorine prepared 
under ordinary conditions can assume an active and a passive state, vide infra. 

F. Wohler 23 found that when chlorine hydrate in a sealed glass tube is exposed 
to sunlight, it forms two liquids, but does not decompose, since, after a summer’s 
exposure, the two liquids re-form chlorine hydrate when winter returns. The same 
phenomena occur if the chlorine hydrate is warmed and cooled under similar con- 
ditions. A cono. soln. of chlorine water is far less prone to decomposition on exposure 
to sunlight than is a more dil. soln. J. M. Edejr found the same to be the case with 
bromine water, but ho also found that a cone. soln. of chlorine water lost 53*95 per 
cent, of chlorine while a dil. soln. lost 41*87 per cent, under similar conditions, but 
he does not state the concentration very exactly. A. Pedler further showed that 
soln. more cone, than one mols. of chlorine with 64 mol. of water had not decomposed 
perceptibly after a two months’ exposure to tropical sunlight, and with that in- 
creasing dilution, the action became progressively greater, as illustrated in Table VII. 
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E. Klimenko 24 lias confirmed the observation that dil. soln. of chlorine water 
decompose more rapidly than cone. soln. ; and he has studied the influence of hydro- 
chloric acid and various chlorides on the action of sunlight on chlorine confined in 
sealed glass tabes. J. Billitzer found that the presence of small quantities of 


Tabus VII. — Action of Tropical Sunlight on Chlorine Water. 


Mol. of water per mol. 
chlorine. 

Time of. exposure to 
actual sunlight. 

.Percentage of chlorine 
which had acted on the 
water. 

64 

2 mths. 

nil 

88 

182 hrs. 

29 

130 

137-1 „ 

46 

140 

137-1 „ 

29 

412 

1371 „ 

78 


hydrogen chloride increased the speed of decomposition but with larger amounts • 
E. Klimenko observed the speed of the reaction to be retarded by the presence of 
hydrochloric acid and chlorides, and this the more with the chlorides of the alkalies 
than with the chlorides of the alkaline earths ; and the retardation is also greater 
with the elements of a given group the greater the at. wt. of the metal. For 
example, with soln. containing a mol. of the given salt per litre, and the same 
quantity of chlorine, the amount of chlorine remaining after the same exposure when 
referred to a tube with hydrochloric acid as unity, was as follows— HOI unity • 


MCI NaCl 

0-3079 0-1732 


Kca 

0-0900 


CaClo 

0-3901 


BaCl 2 

0-2846 


MgOlj 

0-630 


JJnClj, 

0-2004 


caw, 

0-041? 


The qnantity of chlorine which does not take part in the decomposition is indc- 
pendent of the time of exposure.. * 

Ha beamof light of intensity 1 Q is changed by an amount —dl in passing through 
I * V 5 asauined ttat ~ dl is proportional to dx , and to 

1 W } GT i e a M a conBtant - B y integration, the intensity I of 
the light after it has passed a layer of fluid of thickness x, is I —I Q e~ x . The constant 
a depends on the nature of the substance and the wave-length of the incident beam 
f aHed coefficient oS absorption of the substance for the light in 
C W G ^ a L ayer of chlorine wa, ter of concentration 

a°85^’ R b'oS 7w S Pap ? *"»»*»* fa Lichte auf QUonmer 

(loo5), showed that the amount of hydrogen chloride dC form m3 in x.- „ ». 

aBsa^ra-iiasaSI 3 mS£3 

which the light has suffered in passing a distance dS. Hence L re ^ e8ents Jj? 1 ® i° ss 
cone, of the chlorine water initiallv 0 when lio-v.+ t * x -I ^t e c ^ an S e w the 
of thickness 8 in ^ be Jo=CT?a ° * ’^T 

W. C. Wittwer found to be applicable to £ reactioZ By kelS 
conditions constant, this equation reduces to Jn—bnJt a ^ ». experimental 

if adenotestheinitisiconcenLw t - * “* * CODStaot j 

■n^s time * and W. C. 

^ — ~ log — a - 
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chlorine is consumed because the field of illumination becomes more unif orm the 
more dil. the soln. If chlorides are present in the soln., H. Tuchel assumed that 
part of the chlorine in soln. is present as trichloride, and this portion of the gas is 
not directly concerned in the reaction : 2H 2 0+2CI 2 =4HCl+0 2 . If £ denotes the 
initial concentration of the chlorine directly concerned in this reaction, the preceding 
equation reduces to the form : 



which is applicable to the decomposition of soln. of chlorides in water, when 
a— £ represents the amount of chlorine which does not take a direct part in 
the decomposition, 2H 2 04-2Cl 2 =4HCl-}-0 2 . Only for pure chlorine water 
does a=£. 

According to 0. E. Barwald and A. Monheim (1835), the decomposition is accele- 
rated by the presence of organic substances. J. Milbauer tried the effect of thirty- 
two metal chlorides ; of sodium tungstate and molybdate ; of uranyl sulphate ; and 
of sulphuric, selenic. arsenic, and boric acids on the photo-decomposition of chlorine 
water, and found that none accelerated but that most retarded the action. 
Chlorine catalyzes the decomposition of bromine water ; and bromine, chlorine 
water ; while iodine does not accelerate, but rather retards the reaction, probably 
by forming relatively stable iodine compounds. A. Benrath and H. Tuchel found 
the temp, coeff. of the velocity of the reaction with chlorine water between 5° and 
30° increases in the ratio 1 : 1*395 per 10°. 

The hydrolytic reaction between water and chlorine results in the formation 
of hypochlorous acid : H 2 O+Cl 2 =HCl-fH0Cl ; and in feeble diffused daylight, 
the hypochlorous acid is decomposed into chloric acid and oxygen ; 3H0G1=2HC1 
+HC10 3 , according to E. Klimenko ; or 8HC10 =2HC10 S + 6HC51 -f 0 2 , according to 
A. Pedler, 25 so that chloric acid is always found among the products of the decom- 
position. Aq. soln. of chloric acid alone are not decomposed by light ; but this 
does not apply with chloric acid in the presence of hydrochloric acid. G. Gore found 
the electromotive force of chlorine water decomposing in light gradually diminishes 
to a minimum value when the soln. contains hydrochloric, chloric, and hypochlorous 
acids ; on further exposure, the electromotive force increases slowly until the soln. 
contains nothing but hydrochloric acid and hydrogen peroxide. Hence, says 
G. Gore, these axe two essentially different phases in the reaction — (i) the formation 
of chlorine acids ; (ii) the decomposition of these acids into hydrochloric acid and 
hydrogen peroxide, but the presence of the- last-named compound has not been 
confirmed. A. Popper could detect no perchloric acid in the products of the 
reaction ; but J. Billitzer has reported the presence of traces of this acid. According 
to A. Pedler, the more cone, the soln. of chlorine water, the more nearly do the 
products f oxnaed by the action of light approach the values indicated in the equation : 
2 H s 0+2C1 2 =4HC1+0 2 , but as the amount of water is increased, the proportion 
of chloric acid in the product increases. The side reactions which occur in the 
decomposition of insolated chlorine water, and the effect of the various products oi 
decomposition on the speed of the change, render the reaction, 2H 2 0 +2C1 2 =4HC1 
+0 2 , an unreliable foundation for the construction of such a photometer as was 
suggested by N. T. de Saussuxe (1790) to measure the intensity of light in terms oi 
the volume of oxygen evolved ; similar remarks apply to W. C. Wittwer’s 28 photo- 
meter which was based on the decomposition of a 0’1 to 0'4 per cent. soln. of chlorine 
water. R. Bunsen and H. E. Roscoe also said that the many sources of erroi 
involved in the measurement of the intensity of light by the chlorine water photo- 
meter make the results of no value. 

According to C. Lowig, 27 bromine water in light behaves in a similar way tothai 
of chlorine water, but as J. M. Eder showed, bromine water is much less sensitive 
to light in that it decomposes with but one-sixth or one-twelfth the speed of chlorim 
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water. The presence of tartaric or citric acid accelerates the decomposition of chlorine 
or bromine water in light. According to C. E. Cross and A. Higgin, water is not 
decomposed by bromine or iodine if heated eight days in a sealed tube at 160°, 
but if a metal salt be present like lead acetate, the bromide or iodide is precipitated. 
H. W. Vogel states that iodine water is stable in light. According to H. Bordier, 
X-rays, like light, decolorize dll. aq. soln. of iodine or starch iodide ; and the 
X-rays effect a change in a few minutes which requires several hours with ultra- 
violet light. 

The solubility of the halogens in acid and salt solutions. — Thesolubility of chlorine 
in various salt soln. has been determined by W. L. Goodwin, 2 8E. G.Kumpf, C. A. Kohn 
and E. O’Brien, etc. W. L. Goodwin used the chlorides of lithium, sodium, potas- 
sium, calcium, strontium, barium, magnesium, cadmium, iron(ic), cobalt, nickel, and 
manganese, and found the solubility is increased by the presence of hydrogen chloride, 
but is in general decreased by the presence of the other chlorides. The decrease is 
very marked with the cone. soln. of sodium chloride. The solubility of chlorine in 
sulphuryl chloride, S0 2 C1 2 , has been studied by H. Schulze ; in chromyl chloride, 
Cr0 2 Cl2, by H. W. B. Roozeboom : in- Boln. of sodium chloride, by E. 0. Mandala ; 
and in arsenious chloride, AsClg, by B. E. Sloan. Some results at atm. presB. arc 
indicated in Table VIII. 


Tabus VIII. — Solubility op Chlorine in Salts Solutions. 



W. 1. Goodwin carried tie solubility curves down to temp, at which chlorine 

riLwlnW f atf 16 1 ’i n? d 10 fn 0tlced W **** the solubility curve increased with 
rising temp, to about 1° , as m the case of chlorine in water ; and (2) that the nresonoo 
ofchlondes m soln. lowers the tsmp. at which the maximum appears, and 'also the 
JKP:.**. ‘^ hydrate separates. Otherwise expressed^ the prosenco of 

fS° nd f “ 8 ? hl - formation of chlorine hydrate. The increased solu- 

IP “S, 68 - 86 “ th ? “no. of a® hydrochloric acid may bo noted. 

to P98 »t lV 1° °f 0 t fl a 0£ a J. 80] ? ti0 ? of chlorine was towered from 2-39 

to l 98 at 14 by m th part of hydrochloric acid. M. Berthelot found that +1,« 
atorpton ocefi. was raised in presence of hydrochloric or a 38 pt cent 

aoidfto l°5“°”h 
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formation of a bichloride of hydrogen, and by M. Berthelot (1881) to the formation of 
hydrogen perchloride, HC1 S . This was confirmed by the fact that the heat of soln. 
of a mol. of chlorine in hydrochloric acid is much greater than in pure water — with 
water, the heat of soln. is 7*5 Cals., and with HCl-j-AS^O, 9*4 Cals. M. Berthelot’s 
hypothesis is the most probable explanation of the phenomenon, although there, is 
nothing in the experimental data to show that particular polychloride is formed. 
This hypothesis is also in line with the behaviour of the other halogens in soln. of 
the corresponding alkali halide, or haloid acid. 

The general efiect of the presence of a salt in soln. is to reduce the solubility of 
bromine, 80 and this the more the greater the cone, of the salt. For example, with a 
YjjlV’-soln. of sodium nitrate, 3*374 grms. of bromine were dissolved per 100 c.c., 
and with a iV-soln., 2*88 grms., while the solubility of bromine in water at 25° is 
3*395 grms. per 100 c.c. The efiect of a few typical salts, in grms. per 100 c.c., on 
the solubility of bromine — grams per 100 c.c. — in water is as follows : 


Salt . 
Bromine 


KjSO* NaXO, NaCl (NH 4 ).S0 4 CH 3 .COONH 4 H a S0 4 

9-118 8-509 5-850 7-004 7-709 4-903 

2-48 2-80 5-590 7-77 34-05 2*936 


The increase in the solubility of bromine in soln. of ammonium salts is very marked, 
as is also the case with the alkali chlorides. The case with the alkali bromides is 
specially interesting. The solubilities by F. P. Worley are indicated in Table IX. 
The marked increase in the solubility of bromine in soln. of potassium bromide was 
attributed by M. Rolofi to the formation of molecules of KBr 3 . He shook up a soln. 
of bro min e in carbon disulphide with water and with an aq. soln. of potassium 
bromide, and measured the concentration of the bromine in the two layers. 
M. Wildermann has shown that the density of bromine vapour over a soln. of 
potassium bromide sat. with bro min e is the same as over water sat. with bromine, 
indicating that the cono. of the free bromine in all the aq. soln. is the same, and 
any excess in the presence of potassium bromide must be united with the potassium 
bromide. All the bromine dissolved by a soln. of potassium bromide can be removed 

Table IX. — Solubility os- Bromine in Solutions op Potassium Bromide 
(F. P. Worley). 


Potassium bromide per litre 
of solution. 

Bromine dissolved per litre. 

26-5° 

18 5° 

MoL 

Gnns. 

Gram-atoms. 

Grms. 

Gram-atoms. 

Grms. 

0 

0 

0 43 

34-23 

0-445 

25-56 

0-02 

2-18 

0-47 

37-35 

0-48 

38-56 

004 

4-38 

0-57 

40-79 

0'52 

41-91 

0-06 

6-56 

0-55 

44-21 

0-57 

45-31 

0-08 

8-76 

0-59 

47-33 

0-61 

48-44 

o-io 

10-91 

0-65 

51-87 

0*65 

52-23 

0-20 

21-82 

0-86 

68-67 

0-87 

60 09 

0-40 

43-82 

1-27 

10160 

1-31 

104-90 

0-60 

65*46 

1-67 

133-70 

1-77 

141-60 

0-80 

87-64 

2*10 

168-10 

2-23 

178-70 

0-90 

98-19 

2-335 

186-20 

2*485 

198-70 


by successive extractions with carbon disulphide, or by a stream of air. Hence it 
must be assumed that the polybromide formed is stable only in the presence of free 
bromine. For equilibrium, KBr n+1 ^KBr+^wBr 2 , and that there is a progressive 
dissociation of the polybromide, KBr n+ i as the cone, of the free bromine is 
diminished. Table IX shows that if the amount of bromine dissolved by the water 
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be assumed constant, and the result be subtracted from that actually dissolved, the 
increase in the solubility of bromine is directly proportional to the amount of 
potassium bromide in the more dxl. soln. Hence it is probable the whole of the 
potassium bromide in soln. unites with bromine to form the polybromide. I ho 
effect of a variation of temp, is negligibly small, and consequently it is inferred that 
the polybromide is not appreciably dissociated at these temp., since it is not likely 
that if the polybromide is partly dissociated, the degree of dissociation will be 
independent of temp. With these assumptions, the amount of bromine dissolved 
by the more dil. soln. of potassium bromide corresponds with the amount required 
to convert all the dissolved potassium bromide, KBr, into potassium tribromide, 
KBr s . The still greater solubility of bromine in soln. containing over 01 mol. of 
potassium bromide per litre is taken to indicate a tendency to the formation of a 
still more complex polybromide, say, the pentabromide, KBrg — vide § II in the next 
chapter. 

J. M. Bell and M. L. Buckley found the solubilities of bromine (n gram-atoms per 
litre) in soln. of sodium bromide containing w grms. per litre, at 25° : 

w . . 92 8 160-5 205*8 255’8 319'7 359-0 408 3 

n ' 2-479 4-345 6-195 8‘575 13-65 16-04. 20-85 

Sp.^r. * . 1-213 1-372 1*515 1*678 1 997 2 137 2*420 

A. E. Joseph gave for the solubility of bromine in aq. soln. of potassium bromide 
or rather the converse, in grams per 100 grms. of water at 32*4° : 

w . 725-6 733*9 740'7 750*2 764*3 771*1 801*3 845 9 

n . o 24*0 39 6 743 1209 137*2 229 7 382*1 

Sp. gr. 1*3917 1*4003 1 4132 1*4356 1*4633 1*4753 1 *5236 1-5980 


A. F. Joseph found that the solubility of potassium bromide in water 
is increased by the addition of bromine. For moderate cone., about half a mol. 
of bromide is dissolved for each mol. of bromine added to the water. This 

corresponds with that required for the 
formation of potassium tribromido. The 
limit of the solvent capacity of water was 
not reached with soln. containing over 
2000 grms. per litre. There is, however, 
a maximum vol. cone, of bromide which 
corresponds with between 200 and 2000 
grms of bromine per litre. 

Fig. 21. — F. P. Worley’s Apparatus. By assuming a definite formula for tho 

polybromide attempts have been made 
to show that the relative proportions of the substance concerned in the reaction arc 
in accord with the law of mass action. For example, with the polybromide K Br.wBr 2 
of cone . O, where the dissociation products are KBr of cone. c lt and wBr of cone, 
the equilibrium condition is that KC-ciC^*, where K is the equilibrium constant. 
If the soln. are sat. with bromine, and the cone, of the free bromino in tho soln. is 
constant, K'Cj=Ci, meaning that the cone, of the polybromide is proportional to the 
uncombined potassium bromide, and the constancy of the equilibrium constant is 
independent of the value of n. If the soln. are not sat. with bromine, tho equation 
KC=CiC z n can be applied when the relative amounts of free bromine and of bromine 
combined as polybromide have been determined. No analytical process involving 
the removal of bromine from the system is applicable since the polybromide is 
decomposed as fast as the free bromide is removed. F. P. Worley obtained the 
desired data by simultaneously shaking, without mixing, two soln. of bromine- 
one in pure water, one in a soln. of potassium bromide of known cone, in an 
apparatus, Fig. 21, with a common vapour space for the two soln. When tho 
system is in equilibrium, it is assumed that the cone, of the free bromine in tho 
two sola. iB the same, since each is in equilibrium with the same vapour space. 
The determination of the free bromine in the water is made by direct titration. 
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The results agree better with the assumption that n—1 than n=2, although in neither 
case is the value of K constant. This is taken to mean that a small amount of a 
polybromide, more complex than KBt 3 , is also formed. 

G. Jones and M. L. Hartmann’s measurements of the electrical conductivity of 
aq. soln. of bro min e in water and soln. of potassium bromide are interpreted to 
mean that bromine dissolves as Br 2 ; that this is followed by a reaction 
Br 2 +H 2 O^HBrO +H* +Br' ; and simultaneously by KBr -f-Br^y^KBrs ; and Jby 
2Br 2 4-KBr^KBrg. A sat. soln. of bromine in water at 0° has the composition 
in mols. per litre : 02539 Br 2 ; 0*001085 H* ; 0*000126 Br' ; 0*00628 Br 3 ' ; and 
0*000331 Brg'. The equilibrium constant K in Z 3 [Br 8 / ]=[Br , ][Br 2 l is 0*051 ; and 
in JfgtBrg'j^Br'JtBr^ 2 . The hydrolysis constant K~ in £[Br 2 ]=[H*][Br / ][HOBr] 
is 5*7 xl0~ 10 . E. O. Mandala measured the solubility of bromine in hydrochloric 
and hydrobromic acids 

The solubility of iodine in aq. soln. of various salts 81 is somewhat similar to the 
behaviour of these salts on the solubility of bromine. The solubility is reduced by 
sodium and potassium sulphates and nitrates ; it is raised a little by potassium and 
sodium chlorides, and considerably by potassium and sodium bromides, ammonium 
salts also increase the solubility of iodine ; boric acid has but little influence. C. Kraus 
found the solubility of iodine is considerably augmented in the presence of hydro- 
chloric acid ; phosphoric acid dissolves iodine slowly in the cold and rapidly when 
heated, and similarly also in acetic, tartaric, citric, and tannic acids. The solu- 
bility of iodine in cone, sulphuric acid (over 83 per cent.) is about 6*6 grms. per 
litre ; the colour is violet, which becomes yellow on dilution until, with 42 per cent, 
acid, the colour is brown. According to W. Yaubel the absorption spectrum of the 
dil. soln. shows red, yellow, and green, but not blue absorption bands ; with the 
yellow soln. there is no green band. A. Hantzsch and A. Vagt explain this by 
assuming a brown hydrate of iodine is formed if sufficient water be present, and 
when the cone, of the acid is great enough no brown hydrate is formed and the 
anhydrous iodine shows its characteristic violet colour. Soln. in nitric acid behave 
similarly. The solubility of iodine in potassium iodide soln. follows the same 
general character as that of bromine in soln. of potassium bromide, but the effects 
produced are more marked. This is illustrated in Table X. 


Table X. — Effbot oe Potassium Iodide on the Solubility oe Iodine. 


Potassium iodide — per litre. ! 

Iodine — per litre. 

Milligram-molecules. 

Grams. 

Milligram molecules, I a 

Grams. 

0 

0 

1*342 

0;340 

0*830 

1-37 

1-814 

0-461 

1-061 

2-76 

2-235 

0-568 

3*322 

6-61 

3-052 

0-775 

6-643 

11-03 

4-667 

1-185 

13-29 

22-07 

8-003 

2-032 

26-67 

44-16 

14-680 

3-728 

63-15 

88-30 

28-030 

7-119 

106-30 

176-60 

55-280 

14-040 


A soln. of “ twenty-two grains of iodine and thirty-three grains of iodide of 
potassium, in one ounce of distilled water ” forms the liquor iodi of the British 
.Pharmacopoeia. The effects produced by the ammonium salts are attributed to their 
hydrolysis into ammonium hydroxide, and the consequent formation of ammonium 
iodide or polyiodide. The effects produced by soln. of the halide salts are doubtless 
due to the formation of polyiodides as in the analogous case with bromine and 
potassium bromide. A. A. Jakowkin allowed carbon disulphide to remain in contact 
with aq. soln. of iodine and potassium iodide until equilibrium was attained ; and 



86 


INORGANIC AND THEORETICAL CHEMISTRY 


assumed that any free iodine always divides itself between the water and carbon 
disulphide in the ratio 1 : 4=10, as is the case if potassium iodide be absent. Assume 
that in the aq. soln. there is the balanced system : KIgT=^KI+l2- K ® m °l- of &©© 
iodine be contained in unit volume of the potassium iodide soln. which contains a 
mol. of potassium iodide, there will be present 1 — x mol. of the complex KI3, and 
a — (1— &) mol. of potassium iodide. Consequently, by the law of mass-action 
(1— jc)K=(a— l+sc)a;, A. A. Jakowkin was able to calculate the equilibrium 
constant E, and found the results in harmony with this assumption, for K varied 
between 1577 X 10 -6 and 1808 X 10~ 6 ; whereas with the assumption that the system 
is KI 5 =KI+2I 2 , K varied from 10,180x10-6 to 461xl0“ 6 . The argument does 
not apply to cone. soln. of potassium iodide, where there are indications of higher 
polyhalides than KI 3 . With iodine and potassium bromide, mixed polyhalides are 
formed — c.g. potassium iodobromide, KBrI 2 . The effect of chlorine on the alkali 
chlorides is thus quite different from the effects of the other two halogens on their 
alkali salts ; and less than the effect of the other two potassium halides on the 
solubility of iodine. The solubility of iodine in water is 0 340 grm. per litre at 25° — 
E. O. Mandala and A. Angenica give 0'0334per cent., or 0*00131 mol. per litre at 25° ; 
with a normal soln. of •potassium chloride , the solubility is 0*658 ; with a normal soln. 
of potassium bromide, 3*801 ; and with a normal soln. of potassium iodide, about 14 
grins, per litre. E. 0. Mandala and A. Angenica measured the solubilities of iodine 
in aq. soln. of various concentrations of hydrochloric add, hydrobromic add, and 
kydriodic acid, and found it to be equal to that in the soln. of the corresponding 
potassium salt of the same cone. Hence, the solubility of the iodine is specific to 
the halogen ion, and is independent of the nature of the positive ion of the halide. 
The f.p. of soln. of hydriodie and hydrobromic acids are not altered by the 
dissolution of iodine. 

Iodine and bromine are fairly soluble in arsenic chloride , AsCl s ; 32 100 grms. of this 
compound dissolve 8*42 grms. of iodine at 0°, 11 '88 grms. at 15°, and 36 89 grms. at 
96°. A little iodine and bromine dissolve in sulphuryl chloride , and the soln. conduct 
electricity. P. Walden explains the conductivity of, say, iodine by assuming the 
molecule of iodine is ionized into a positively and negatively charged iodine atom : 
I 2 =r+I'. Iodine and bromine also form conducting soln. in liquid sulphur dioxide , 
and the soln. of iodine is violet ; according to J. Inghs, the soln. of iodine in sulphur 
chloride , S 2 CI 2 , is a conductor of electricity, and according to E. Solly, a non-conductor. 
Iodine dissolves in liquidammoraa forming, according toE. C. Eranklinand C. A. Kraus, 
a series of substitution derivatives, NH4I and NI s .wNH 8 , where n stands for 1, 2, or 3. 
The colour changes according to C. Hugot from black to red, to pale yellow. 
According to U. Antony and G. Magri liquid hydrogen sulphide forms a dark red 
soln. without perceptible reaction. E. Sestini found iodine soluble in liquid sulphur 
trioxide to the extent of about 200 grms. per litre ; and E. H. Buchner that iodine 
dissolves in liquid carbon dioxide to the extent of 5 per cent., while bromine is slightly 
soluble in the same menstruum. According to B. D. Steele, D. McIntosh, and 
E. H. Archibald, bromine dissolves in liquid hydrogen chloride and Taiscs its electrical 
conductivity. 

The solubility of the halogen^ in organic solvents. — L. Bruner 33 has measured 
the solubility of iodine in mixtures of ethyl alcohol and water at 15° : 


Alcohol . 10 
Iodine . 0-05 


20 40- 60 

0-06 0*26 114 


80 90 100 por cent. 

4-20 7-47 15-67 ,, „ 


N. Schoorl and A. Regenbom say that owing to the ready formation of hydrogen 
iodide, accurate determinations of the solubility in aq. alcohol can be made only by 
making a sat. soln. of iodine in absolute alcohol, diluting the soln., and determining 
the iodine at once. The solubility follows a fairly regular course : a 


Per cent, alcohol 
Per cent, iodine 


. 100 95“ 90 

. 20 14-8 11-4 


80 ■ 60 40 

7-2 2-3 0*65 


20 10 0 
0-08 0*045 0-026 
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When tie amount of ethyl alcohol exceeds 18 per cent., the addition of water causes 
a precipitation of iodine, at lower alcohol cono. there is no precipitation. The 
maximum precipitation occurs when just enough water is added to bring the alcohol 
cono. to 18 per cent. 

The tinctum iodi of the British Pharmacopoeia is a soln. of “ half an ounce of 
iodine, and a quarter of an ounce of potassium, iodide in a pint of rectified spirit.” 
P. Wantig found the mol. ht. of soln. — 1*941 Cals., and S. U. Pickering — 1*714 
per 880 mol. of ethyl alcohol. C. Lowig found that alcoholic tincture of bromine is 
slowly decomposed in darkness, rapidly in light. Alcoholic soln. of iodine, according 
to H. E. Barnard, are stable in light and in darkness, but according to J. M. Eder 
they decompose 1000 times more slowly than chlorine water under similar conditions ; 
T. Budde has shown that hydriodic acid, acetic ester, and aldehyde are formed, and 
the electrical conductivity of the soln. increases. J. H. Mathews and E. H. Archi- 
bald and W. A. Patrick found a freshly prepared 2Y-soln. to have an electrical 
conductivity of 2 ‘4x10“ 6 reciprocal ohms ; and a sat. soln., 161 Xl0“ 4 reciprocal 
ohms at 25°. The decomposition is accelerated by the presence of platinum. 
The heat of soln. decreases with concentration from —7*92 to —7*42 cals, respectively 
for dilute and sat. soln. in methyl alcohol, and likewise from — 4*88 to — 5*22 cals, 
for similar soln. in ethyl alcohol. The solubility of iodine in aq. soln. of propyl 
alcohol is not very different from that in ethyl alcohol. 

■ H. Arctowsky has measured the solubility of iodine in benzene, chloroform, ether, 
and carbon disulphide — in some cases at very low temp. At — 83°, 100 grms. of a 
sat. soln. of iodine in ether contain 15*39 grms. of iodine, and at — 108°, 15*09 grms. 
S. U. Pickering found the mol. ht. of soln. —1*536 per 800 mol. of ether. The 
following results are expressed in grams of iodine dissolved per 100 grms. of the soln. 
P. Walden has measured the electrical conductivity of ethereal soln. of iodine ; the 
conductivity increases with time, probably owing to chemical changes. According 
to J. Traube, iodine reaots with both ether and alcohol if heated in sealed tubes ; 
and according to D. McIntosh with ether, forming C4H 10 O.C1 2 at —51°. The solu- 
bility of iodine in 6 enzene is : 

4’ 7° 6-6° 10*5° 18*7® 16*8“ 

Iodine . . 8*08 8*63 9*60 10*44 11*23 per cent. 

and the mol. ht. of soln. is —4*681 Cals, according to P. Wantig, or — 6*114 Cals, 
per 1200 mol. of benzene according to S. U. Pickering. The viscosity of a soln. 
of bromine in benzene is 0*00737 at 12°. The diffusion constant of iodine in benzene 
is 1*41 grm. and of bromine in benzene 1*75 per sq. cm. per day. L. Bruner noticed 
that soln. of iodine in nitrobenzene conduct electricity, but not if all is thoroughly 
dried with phosphorus pentoxide. H. M. Dawson found that 100 c.c. of nitro- 
benzene dissolved 5'077 grms. of iodine. A. P. Joseph measured the solubility of 
potassium bromide in soln. of bromine in nitrobenzene. 

In chloroform under similar conditions : at —73*5°, the solubility of iodine is 0*080 ; 
at —60°, 0*129 ; at —49°, 0*188 ; and, according to W. Duncan, at 10°, 1*77, or one 
part of iodine required 5*66 parts of chloroform for soln. According to E . Beckmann 
andP. Wantig, in the proximity of the f.p. of chloroform, —61°, almost all the iodine 
separates from the soln. and only 0*0164 per cent, remains. A. Hantzsch and 
A. Yagt give for the solubility in chlotooform at 0°, 1*96 ; at 18°, 3*78 ; and at 30°, 
5*56 grms. of iodine per 100 grms. of soln. The mol. ht. of soln. is — 5*484 Cals, 
according to E, Wantig, or — 6*014 Cals., according to S. U. Pickering, per 740 mol. 
of chloroform. A. A. Jakowkin gives for bromoform at 25°, 18*955 grms. of iodine 
per 100 c.c. of the solvent. The solubility of iodine in carbon disulphide , which 
solidifies at — 116°, is : 

-100° -20“ 0° 10° 20° 25“ 80° 42“ 

Iodine . 0*32 1*14 7*89 10*61 14*62 16*92 19*26 26*76 per cent. 

A. A. Jakowkin’s number at 25° is 23*0 grms. of iodine per 100 c.c. of sat. soln. 
corresponding with 15*4 grms. of iodine per‘100 grms. of soln. H. Arctowsky found 
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100 ^nd^‘9*g^^at v'riokoring! 

“«S«f52i?S 

for soln of a gram-atom of iodine in 10 and 20 mol. of carbon disulphide. _ 
of bromine fSow the additive law. The diffusion constant f°r lodmc ™ 
disulphide is 2-55 and of bromine 3*11 grms. per sj cm per day. 1 he v scosit> of a 
sat. soln. of bromine in carbon disulphide is 0*00378 (16 ), and of iodine. 0 00378 a . . 

According to A. Harion, the refractive index of a 0*2 per cent. soln. is- 0/d Im the 
D-line, and 1*982 for the G-line, if the soln. follow the additive rule. . J ,U ”T Vj 
anomalous dispersion. The absorption spectrum of a soln. of brom.no >n a ou 
disulphide is not that which characterizes liquid bromine, lho soln. "« «°» 
conductors of electricity. The colour of the soln. of iodine hko the vapour is 
purple in thin layers, blue in thick layers. ...... 

A sat. soln. of iodine in methyl iodide has a sp. gr. of 3*548 at 23° ; thesolubdity 
increases with rise of temp, and the mixture appears to be completely miscible above 
the m p of iodine. The absorption coeff. of chlorine in carbon tetrachloride, m 83 at u , 
and as measured by W. J. Jones at 15°, 51*7. According to L. Bruner and 31. Arc- 
towsky, the solubility of iodine in carbon tetrachloride at 14*8 is 20*0 grnis. per 
litre, and at 25°, 30*33 grms. per litre. The soln. do not conduct electricity ap- 
preciably, and according to S. U. Pickering the mol. ht. of soln. is £)'< 82 per /(K) 
mol. of water. According to W. Herz and M. Knock, the solubility of iodine m an 
aq. soln. of glycerol of sp. gx. 1*2555 at 25° (water at 4° unity) and containing about 
1*5 per cent, of impurities, is : 

Glycerol 
Iodine 
Sp. gr. 

P. Walden 34 has studied soln. of iodine in acetaldehyde, hydrazine hydrate, and 
acetonitrile; J. H. Mathews, soln. of iodine in 'pyridine , ethyl, allyl, and phenyl 
isothiocyania esters , and phenyl isocyanate ; while H. A. Allen has studied soln. 
of bromine and iodine in various oils. 


0 7*15 

0-0304 0-0342 

0-9979 . 1*0198 


0- 0482 

1- 0471 


40-95 

0- 0875 

1- 0995 


09-2 100 per cent. 

0-278 1*223 „ „ 

11705 1*2010 
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§ 12. Chemical Reactions ol Chlorine, Bromine, and Iodine 

Chlorine unites directly with most of the elements. The inert gaaos ol the argon 
family, nitrogen, oxygen, and some of the platinum metals, resist attach by free 
chlorine, although compounds with all but the inert gases can bo obtained in- 
directly. Chlorine unites directly with hydrogen in light, but not in darkness ; the 
union is also induced by the silent electrical discharge, or by the mere presence 
of some catalytic agents. Chlorine is not combustible in air. A jet of burning 
hydrogen lowered into a jar of chlorine continues burning with the formation of 
hydrogen ohloride. Conversely, chlorine gas may be burnt in an atm. of hydrogen. 
Hydrocarbons are decomposed by ohlorine ; for instance, a piece of cotton wool 
soaked in warm turpentine (CipHje) will inflame when placed in a jar of chlorine. 
The burning of the turpentine in chlorine gas is accompanied by the separation of 
dense clouds of free carbon ; the chlorine combines with the hydrogen forming 
hydrogen chloride. A wax candle bums in chlorine with a very smoky flame ; the 
hydrocarbon wax — is decomposed in a similar manner. I Hence, chlorine may be 
regarded as non-combustible, and a supporter of combustion. Hydrogen and 
bromine unite under the influence of the silent discharge 1 or when heated, but not 
when exposed to sunlight. Hydrogen and iodine unite when heated ; at ordinary 
temp, the reaction with hydrogen and iodine is endothermal, being —0*8 Cals,, but 
the reaction is exothermal above about 500°. j 

In 1842, T. Andrews 1 pointed out that although moist chlorine combines 
energetically with zinc, copper, and iron-filings, perfectly dry chlorine “ has no 

action whatever at ordinary temp and the same remarks may be applied to the 

behaviour of dry bromine m contact with dry metals.” Indeed, thoroughly dry 
chlorine is somewhat inert chemically, and it has no appreciable action upon bright 
metallic sodium, copper, etc. Dried chlorine scarcely acts at all upon dry silver; 
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moist chlorine readily attacks the metal, more rapidly in light than in darkness. 
Moist chlorine is particularly reactive towards these solids. No one has succeeded 
in drying mercury and chlorine so thoroughly that the two elements do not react 
at ordinary temp. Chlorine does not combine with oxygen directly, although 
several compounds of chlorine and oxygen can be obtained indirectly forming a 
series of chlorine oxides or hydroxy-chlorine compounds. While the affinity of the 
halogens for hydrogen decreases with increasing at. wt., the general tendency with 
oxygen is in the reverse direction, but not in so marked a way as with hydrogen. 
Thus, although fluorine forms no known compound with oxygen, numerous com- 
pounds of oxygen with chlorine have been obtained ; and, judging by the known 
compounds with oxygen, the affinity of bromine for oxygen appears to be less, not 
greater, than is the case with chlorine. Bromine seems to occupy an anomalous 
position with respect to oxygen, although it must be remembered that bromine has 
not been investigated so much as chlorine. Bromine and iodine form an 
unstable series of compounds analogous with hypochlorites and chlorates, but the 
bromine analogue of perchlorates has not been prepared. To summarize : 
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P. Hautefeuille and J. Chappius 2 claim to have made a compound, N 2 C1 2 0 18 , by 
the action of the silent electrical discharge on a mixture of chlorine and oxygen 
with a trace of nitrogen. The affinity of bromine for oxygen seems to be even less 
than that of chlorine or iodine for oxygen. No bromine oxides are known, but 
several oxides of chlorine and iodine have been made. According to M. Berthelot, 8 
no change could be detected after exposing iodine in an atm. of oxygen to sunlight 
for five months ; but J . Ogier obtained a compound of the two elements under the 
influence of the silent discharge. 

The rapidity of the action of the halogens on water, previously discussed, is slower 
the greater the at. wt. of the halogen. Moist chlorine, or chlorine water, is a powerful 
oxidizing agent. The decomposition of chlorine water in sunlight has already been 
discussed, whereby oxygen gas is given off and hydrogen chloride is formed: 
2H z O -f2 C1 2 ^4HG1 + 0 2 . This reaction is reversible in light, and even a cone, 
aq. soln. of hydrochloric acid is oxidized by air in light, so that such a soln. acquires 
a yellow colour owing to the formation and soln. of free chlorine formed by reaction 
with the absorbed oxygen. W. Henry 4 also found, in 1800, that when a mixture 
of hydrogen chloride and oxygen is passed over platinum black, the mixture is 
decomposed with the formation of chlorine and water : 4HCl4-0 2 =2H 2 04-2Cl2, 
and it has also been shown that the metals, iridium, palladium, ruthenium, and 
osmium act in a similar way. 

The heat of formation of a molecule of water is 68’4 Cals, and of a molecule of 
hydrogen chloride in aq. soln., 39 '3 Cals. Hence, in the reaction HaOftq.-fClga^. 
=2HC1 2 £W j. 4-0, the amount of heat required to decompose a molecule of water is 
nearly 10 Cals, less than that evolved in the formation of two molecules of hydrogen 
chloride in aq. soln. Hence, the instability of a soln. of chlorine in water might have 
been anticipated from the thermochemical data. If, however, the gases be in 
question : 2HClg afl +O=H 2 O jtaa 4-Cl2Ra*4-13 , 0 Cals., and this agrees with observa- 
tion, for the reaction once started will proceed to .a certain limiting value without 
further heating if sufficient precautions be taken to prevent loss of heat by radiation. 
This reaction is the basis of Deacon's process for chlorine. 
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If a piece of coloured litmus paper, coloured petals of a flower, or a piece of cloth 
dyed with turkey red or indigo blue be placed in a jar of dry chlorine no appreciable 
change occurs ; but if moisture be present, the colours are bleached by the chlorine. 
The action appears to be due to the. formation of a colourless oxidation product. 
Ordinary oxygen will not do the work of bleaching. One school of chemists there- 
fore assumes that the oxidation is effected by the nascent oxygen. A soln. of indigo 
is decolorized by chlorine and bro min e ; and a soln. containing a milligram of 
diphenylamine in 10 c.c. of sulphuric acid is coloured an intense blue. 

The direct union of many of the metals with chlorine is attended by incandescence 
— for instance, powdered antimony, arsenic, and bismuth when shaken into a flask 
containing chlorine. Since the chlorides of antimony, etc., so formed are poisonous, 
the experiments are best made in a closed vessel, or in a well- ventilated funic chamber . 
When the bulb tube containing the powdered element is raised, it is easy to shake 
the contents through the flask of chlorine to illustrate the incandescence which 
attends the combustion, without an escape of the poisonous chlorides into the atm. of 
the room. Copper, ot brass f oil— D utch metal— phosphorus, boron, and silicon al so 
ignite spontaneously in chlorine. Molten sodium, hot brass wire, and iron wire also 
burn in chlorine. Liquid chlorine at its b.p., —33*6°, reacts with arsenic with incan- 
descence, but it does not react with antimony or bismuth. Arsenic oven reacts with 
liquid chlorine at as low a temp, as —80° when potassium and sodium retain their 
metallic lustre without reaction. Aluminium takes fire in chlorine at —20°, 
but is not attacked at — 33‘6°. G. Just and F. Haber found that there is an emis- 
sion of electrons as evidenced by electrical conductivity when the vapour of iodine 
acts on the heated metals, aluminium (160°), copper, and silver. Yellow phosphorus 
unites with liquid chlorine with explosive violence, and red phosphorus is also 
attacked. Tin and gold are also attacked by the liquid, According to G. Llmge, 
liquid chlorine does not attack iron below 90°, and it is on account of this inertness 
of iron that it is possible to transport large masses of liquid ehlorino in iron bombs. 
Chlorine gas attacks finely divided gold at ordinary temp., 5 bromine quickly dis- 
solves gold ; dry iodine does not attack gold, but between 50° and the m.p. of 
iodine, gold forms crystals of aurous iodide, Aul. Platinum is attacked by chlorine 
under certain conditions. According to F. Haber, if a platinum electrode be dipped 
into hydrochloric acid containing chlorine, and then thoroughly washed with water 
and hot alkali, a blue ooloration appears in oontact with starch and potassium 
iodide, which is much more intense than that produced by the catalytic action of the 
metal on the oxygen of the air, and it is considered that the metal has been attacked. 
Platinum does not react with bromine either in aq. or in hydrochloric acid soln. 
Chlorine, bromine, or iodine, moist or dry, rapidly attacks mercury. 0 Sodium is 
indifferent towards bromine or iodine. According to Y. Merz and W. Woith 7 no 
reaction oocuis even at 300°. A piece of sodium was kept in contact with bromine 
for sixteen years without chemical action. With potassium and bromine or iodine 
the reaction occurs with explosive violence. Magnesium foil is not attacked after 
lying for five years in contact with bromine, but aluminium is rapidly attacked 
by bromine with incandescence. 1 J 


Sulphur reacts with liquid chlorine in the proximity of its b.p., and it. forms 
various chlorides of sulphur; similarly with selenium and tellurium; at lower 
temp., the liquid does not react with sulphur, while it does react with selenium and 
teflrnium. Liquid chlorine reacts with sulphur dioxide forming sulphuryl chloride, 
&U 2 U 2 ; carbon disulphide is miscible m all proportions with liquid chlorine without 
AJI 5 y S°? en co i mpou ?? s ‘ excepting hydrogen fluoride, are decom- 
posed by cMonne with the formation of hydrogen chloride— e.g, hydrogen sulphide, 
ar8emd6 b 10 . d i de ’ etc - TiLQ metal bromides, iodides, ancl sul- 
M 4 eoo ? n P? sed 1 c ordinary or at higher temp. According to 

M.BMthelot Sbromme is absorbed by cone, hydrochloric ox aq. soln. of barium or 

the formation of a percblorobromide, R"(Cl.Br 2 ) 2 . N. N. Beketoff observed 
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no action between iodine and csesium chloride after standing for 50 days at room 
temp. 

In their study of the action of iodine on sodium thiosulphate in 1842, M. J. Fordo* 
and A. Gelis 9 found that a soln. of iodine is decolorized by this salt, owing to the 
formation of sodium tetrathionate, Na 2 S 4 0 6 , and sodium iodide: I 2 +2Na 2 S 2 0 3 
=2NaI+Na 2 S 4 0 6 . H. Hertlein translates thiB reaction in terms of the ionic 
hypothesis : 4Na-+2S 2 0 3 // +I 2 =4Na , -f 2I / +S 4 0 6 ' / , where the two negative S 2 0 8 '- 
anions transfer half their charge to the un-ionized iodine atoms forming two I'-ions, 
and the two S 2 0 3 /, -ions simultaneously form one S 4 0fl"-ion. According to C. A. R. 
Wright (1870) and S. U. Pickering (1880), there is a secondary reaction resulting in 
the formation of sodium hydrosulphate. The latter represented the reaction: 
Na 2 S a 0 s +41a-l-5H20— 8HI+2NaHS0 4 , and the soln. becomes distinctly acid; 
C. A. R. Wright attributed the formation of the sulphate to the oxidizing action of 
iodineon the tetrathionate, say; Na 2 S 4 O 6 +7l 2 d-10H 2 O:=14HI-f2H 2 SO 4 -ri2NaHSO4, 
and not to the direct oxidation of the thiosulphate. S. U. Pickering noted that 
a greater proportion of sulphate is formed the higher the temp. — at 0° about 
1*84 per cent, of the iodine is consumed in forming sodium hydrosulphate ; at 10°, 
1*94 per cent. ; at 20°, 2 TO per cent. ; at 30°, 2*35 per cent. ; at 5*2°, 3*90 per cent. 
— the degree of dilution, the excess of alkali iodide or the amount of hydrochloric 
acid, and the time occupied by the reaction do not affect the result. According to 
R. JEL Ashley, the oxidation of the thiosulphate in alkaline soln. progresses further 
than the tetrathionate. G. Topf, J. P. Batey, E. Abel, C. Friedheim, and others 
have also noted the formation of sulphates during the action of iodine on Bodium 
thiosulphate in alkali or sodium hydrocarbonate soln. I. M. KoIthofE thus sum- 
marized his observations : The tetrathionate reaction occurs in neutral and in 
strongly or feebly acidic soln., while in weakly alkaline soln. some sulphate is 
simultaneously formed, and in strongly alkaline soln. all the thiosulphate may be 
converted into sulphate. The decomposition of the thiosulphate in a strongly 
acid soln. is slow in comparison with the formation of tetrathionate. According to 
J. Bougault, in alkaline soln. the iodine forms a hypoiodite : 2N aOH-4-I 2 x=^ al 
4-NaOI-bH 2 0, which reacts with the thiosulphate : Na 2 S 2 0 g +4NaI 0 +H 2 0 
=2NaHS0 4 +4NaI ; M. J. Fordos and A. Gelis, and G. Lunge have shown that the 
hypochlorites, . hypobromites, and hypoiodites also oxidize the thiosulphate to 
tetrathionate. Some alkali iodate is also formed : 6NaOH-f-3I 2 =5NaI+NaIO s 
+3H a O. The oxidation to iodate is much retarded by using sodium hydro - 
carbonate, and still more by using normal carbonate in place of the hydroxide, 
and E. J. Maumene noticed that with barium thiosulphate, BaS 2 O s , other poly- 
thionates are formed — e.g. H 2 S 2 0 4 and H 2 S a 0 9 — as well as the tetrathionate. 
Chlorine and bromine act differently from iodine on the thiosulphates because, said 
H. Hertlein, the ionizing tendency of the two first-named halogens is so strong and 
the salt is oxidized to sulphate. According to M. Berthelot, the oxidation of sodium 
thiosulphate to the Sulphate by bromine liberates 150 Cals. M. J.' Fordos and 
A. Gilis noted that the sulphate is formed when chlorine ox bromine acts on the thio- 
sulphate : Na 2 S 2 0 3 +4Cl 2 +5H 2 0=Na 2 S0 4 +H2S04+8HCl. As shown by G. Lunge, 
the reaction takes place in two stages ; there is first a considerable precipitation 
of sulphur : Na 2 S 2 0 3 -|--H 2 0+Cl2=2NaCl+H 2 S04-j-S ; and the turbidity then 
clears owing to the oxidation of the sulphur to sulphuric acid: S+4H 2 0 -1-3012 
=6HCl-f- H 2 S0 4 . G. Lunge also noted that a little tetrathionate is formed : 
2Na 2 S 2 0 3 -fCl 2 =2NaCl+Na 2 S40 a ; and some trithionate is formed at the same 
time. 

According to L. W. Andrews, 10 when potassium iodide is titrated with chlorine 
water in neutral soln. with chloroform or carbon tetrachloride as indicator (these 
immiscible solvents become violet, owing to the liberation of iodine, and they become 
colourless when titration is complete), the reaction is represented : KI-f3Cl 2 +3H 2 0 
=KC 1 +HI 0 S + 5 HC 1 . This reaction is the basis of A. and F. Dupre’s process for 
titrating potassium iodide (1855). If a large excess of hydrochloric acid be present, 
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the reaction stops at an earlier stage for the ensuing reaction is symbolized : K 1 
i Cl — KC1+IC1, and the iodine chloride colours the liquid yellow, if a soln. 
5 potassium iodate be used in place of chlorine water in titrating potassium iodido 
the stage at which the reaction stops depends upon the cone, of the acid ; with low 
cone, the reaction goes no further than the liberation of the iodine : r>M+KL0 3 
-f 6H01=6KCl+3I 2 +3H 2 O ; with an excess of acid, 2KI-HKi0 3 -f- 011(11- 3 KOI 


-4-3ICI-I-3H2O. , 

In J. L. Gay Lussac and L. J. Th6nard’s early attempt 11 to decompose oxymun- 
atic acid (chlorine) by passing it over red-hot charcoal} they reported : 


The first portions of the oxygenated muriatic gas were completely converted ml o ordinary 
muriatic gas. This effect diminished gradually m spito of a very groat elevation of temp., 
and soon, the gaa passed without alteration, mixed only, towards tho rail of the experiment, 
with one thirty-third of an inflammable gas, which we boliovo to bo carbonic oxide gas. 
This result clearly showed us that oxygenated muriatic gas is not. decomposed by charcoal, 
and that the muriatic gas which we had obtained at tho commencement, of tho operation 
was due to the hydrogen of the charcoal. ... In fact, on taking ordinary charcoal without 
igniting it, muriatic gaa was disengaged during a lengthened period even at a temp, only 
slightly elevated. . . . According as the charcoal lost its hydrogen, however, tho quantity 
of muriatic acid went on diminishing, and finally nothing was obtained hut oxygenated 
muriatio gas (i.e. chlorine). 


En passant, this is one of the best ways of purifying charcoal. IT. Davy (ISM) I- 
and H. Ziiblin (1881) obtained no evidence of a reaction between iodine or bromine 
and carbon at a white heat. J Porous charcoal absorbs chlorine with the evolution 
of 6'78 Cals, per 35'5 grins, of chlorine. According to W. G. Mixter strongly com- 
pressed sugar charcoal absorbs about 4 percent, of chloriuo at a red heat, and does 
not give it up in vacuo at that temp. About 1*5 per cent, of bromine and t tacos of 
iodine are also absorbed by porous charcoal. The absorbed gas can be displaced 
by hydrogen but not by nitrogen ; bromine and iodine are less easily absorbed and 
more easily lost than chlorine. Lampblack absorbs more chlorine than charcoal, 
and both lose the adsorbed gas at about 1000°. t Chlo rine seems to act with most 
energy on those forms of carbon which are contaminated with hydrogen. (Jas 
carbon, graphite, and the diamond are not affected by chlorine. M, Mesluns ia 
found that if hydrogen be passed over the charcoal sat. with this gun, hydrogen 
chloride is formed in darkness ; and according to M. Bertliolot and A. Uuntz, much 
chlorine is at the same time displaced by the hydrogen with an ubsorption of heat. 
The net result of the process is therefore an absorption of heat. If wafer be poured 
on carbon sat. with chlorine, both hydrogen chloride and carbon dioxide an* formed. 
R. Lorenz found that chlorine is completely converted into hydrogen chloride and 
carbon monoxide by passing a mixture of steam and chlorine through a tube filled 
with ooke at a dull red heat. The reaction, Cl 2 -j-H 2 0-fO«CO-l-21H , l, is complete. 
If the hydrogen chloride be absorbed by water, tho residual carbon monoxide is con- 
taminated with but a little carbon dioxide. According to F. Fischer, eoal rapidly 
absorbs 30-36 per cent, of bromine. The brominated coal gives oft hydrogen bromide. 
Carbon mutes with chlorine directly when the carbon forms an electric are. in an atm. 
of chlorine ; hexacshlorobenzene, C 6 H e Cl 6 , is formed ; and if the gas be confined in 
a vessel with a construction so that the upper compartment contains the arc, and 
the- lower part is cooled by a freezing mixture, hexachloro-ethanc, 0 a <U 6 , is formed. 
The positive pole appears to be the active agent. Similar results wore obtained 
with bromine and iodine. According to E. Barnes, dry chlorine has no perceptible 
action on calcium carbide after two months’ treatment at ordinary temp. According 
to H. Moissan, and E. P. Yenable and T. Clarke, bromine has no action in tin.* cold 
on calcium carbide, but when heated the products are calcium bromide and carbon. 
E. Barnes, however, found that liquid bromine attacks calcium carbide at ordinary 
temp, producing carbon hexabromide and calcium bromide : CaG 2 +4Br 2 a^CaJir 3 
+C 2 Br 6 ; at 100° in sealed tubes, carbon and calcium bromide but no carbon 
hexabromide were formed. E. and H. Erdmann found that iodine acts on calcium 
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carbide at 170°, producing tetra-iodoethylene and di-iodoacetylene. R. Lucion (1889) 
could find no evidence of a reaction between dry carbon dioxide and cbJ orine at a red 
heat, but in the presence of moisture, hydrogen chloride is formed. Chlorine unites 
with carbon monoxide forming phosgene, or carbonyl chloride, C0C1 2 . 

Ammonia reacts vigorously with chlorine, forming a mm onium chloride and 
nitrogen gas ; if the chlorine be in excess, oily drops of violently explosive nitrogen 
chloride, NC1 3 , are formed. Some ammonium hypochlorite, NH*OCl, is simultane- 
ously produced. Nitrogen bromide does not appear to be formed by the action of 
bromine on aq. ammonia. The speed of the reaction, 2NH 3 +3Br 2 =N 2 +6HBr, is 
more rapid with free ammonia than with the ammonium salts, and S. Raich 14 
attempted to get a comparison of the affinity coeff. of the acids forming the various 
ammonium salts in terms of the rate of decomposition of the different ammonium 
salts by bromine. It was assumed that the stronger the affinity of the acid for 
ammonia, the sloweT the rate of the decomposition of bromine. It was found that 
with the ammonium salts of the organic acids, — e.g . oxalic and formic acids — 
side reactions occurred owing to oxidation or substitution. With 10 c.c. of a 
0*052V-soln. of the ammonium salts, and 25 c.c. of a 0‘075lV-soln. of bromine 
water at 25°, 2 - 5 c.o. of bromine was consumed in 

Hydrochloric Nitric Sulphuric Arsenic Mouoohloracetlc Tartaric Acetio aoid. 
Time . 162 148 li8 98 29 20 4 hrs. 

This was taken to represent the relative order of the affinity of these acids for 
ammonia. When an alcoholic soln. of iodine is treated with ammonia, substitution 
products and nitrogen iodide are formed. According to A. W. Browne and P. P. 
Shetterloy, 16 a trace of azoimide, HN S , is formed by the action of chlorine on acidic or 
alkaline soln. of hydrazine sulphate; according to E. Ebler, hydrazine sulphate or 
chloride in acid soln. is completely decomposed by bromine — for example : N 2 H* 
-}-2Br 2 =4HBr-f-N 2 . A soln. of iodine in potassium iodide acts in a similar manner. 
T. Curtius and H. Schulz found that tincture of iodine acts on an alcoholic soln. of 
hydrazine hydrate as symbolized by the equation : 5N2H4.H2O+2I2— iN 2 H^HI 
+5H 2 0 +N 2 . Nitric oxide unites with chi orine for m ing nitrosyl chloride,' NOC1 ; the 
same product is formed when chlorine acts on nitrogen tetroxide, NgO*. Bromine 
also forms nitrosyl bromide, NOBr ; but iodine suspended in water forms nitric and 
bydriodic acids. Wheniodine is warmed with cone, nitric arid, iodic acid and nitrogen 
peroxide are formed. According to J. B. Senderens, chlorine acts on silver nitrate 
forming silver chlorate and silver chloride, while according toH. Moissan, 16 chlorine 
free from hydrogen chloride precipitates silver chloride from a soln. of silver nitrate, 
and the corresponding amount of oxygen is set free. Iodine and silver nitrate form 
silver iodide and iodic acid. Solid iodine acts on silver nitrate in the dark in accord 
with the equation: 5AgNO 3 4-3l 2 +3H 2 0=5AgI+5]INO s -KE[IO3 ; and bromine, 
AgN0 s +Br 2 +H 2 0=AgBr-fH0Br+HN0 3 , as indicated by J. Spiller, and C. F. 
Schonbein. According to K. Bruckner, mercurous oxide, Hg 2 0, and iodine, I 2 , in the 
proportions 1 : 2 mol. react: 6Hg 2 0+12l2==llHgI 2 +Hg(I0 3 ) 2 ; the same transfor- 
mation occurs slowly in the presence of water, more rapidly in hot water. With a 
dry mixture of mercuric oxide, HgO, and iodine, 6HgO +6I 2 =Hg(I0 3 ) 2 +5HgI. The 
action of the halogens on the alkaline hydroxides is discussed in connection with 
the ox7-chlorine acids. In the presence of hydrogen peroxide and an alkali hydroxide, , 
the alkali chloride is formed : Cl 2 +H 2 0 2 +2KOH=2KCl+O 2 +2H 2 O. Similarly 
with iodine and bromine. When near its b.p. liquid chlorine reacts with arsenic 
forming arsenic trichloride, but at lower temp, arsenic and a n ti m ony are not affected. 
Alkali arsenites are oxidized to arsenates : K 3 As 03 +H 2 0 +C] 2 ==KH 2 As 04 + 2 KC 1 , 
Ferrous salts are oxidized to ferric salts: 6PeSC>4-(-3Cl 2 =2 V e 2 (S0 4 )3+2PeCl 3 . 
Alcohol, ether, chloroform, and carbon disulphide are better solvents for bromine or 
iodine than water, so that if a soln. containing free bromine or free iodine is shaken 
up with one of these solvents, the former colours these solvents yellow or brown, and 
the latter rose to reddish- violet, according to the concentration. Liquid chlorine at 
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its b.p. does not Teact with potassium permanganate ; thallous chloride is converted 
into TlgClg by liquid chlorine, and into TLCI4 by gaseous cslilorinc at ordinary temp. 

Uses of the halogens. — Chlorine is largely employed in the preparation of bleach- 
ing powder or chloride of lime, bleaching liquor or hypochlorites, chlorates, and 
various chlorinated chemicals — e.g. 3000 tons of chloracetio acid are said to be used 
per annum in the manufacture of synthetic indigo ; chloral ; carbon tetrachloride ; 
various chlorinated ethanes are used in the extraction of fats,' etc., with the advantage 
of their being non- inflamma ble ; chloro-derivatives benzene and naphthalene, in the 
ma nufacture of dyes. Liquid chlorine was formerly employed in the chlorination 
process for gold, but this has been largely displaced by the cyanide process. The 
gas was introduced by the Germans as an agent of destruction in warfare in the second 
battle of Ypres, on 23rd April, 1916. This was in contravention of International 
agreement. The Germans thus obtained a temporary advantage until respirators 
with sodium thiosulphate and carbonate had been supplied to the, Allied Forces, 
and in self-defence, the Allies had retaliated on the Germans with interest, in kind, 
In consequence, this and other gases even more deadly were used on the, battlefields. 
For chlorine poisoning the inhalationof hydrogen sulphide, or of the vapour of alcohol, 
ether, chloroform, or steam has been recommended. There is a form of chlorine 
poisoning to which the workmen dealing with electrolytic chlorine are subject ; 17 
it is attended by swellings in various parts of the body, giddiness, and coughing ; the 
effects are supposed to be due not to the direct action of chlorine, but rather t,o the 


action of chlorine oxides contained in the gas. According to A. Leymann, the 
workmen may also be affeoted by a peculiar skin disease which has been traced to 
chlorinated products derived from the action of chlorine on the tar coating of the 
electrolytic cells used in making the gas. • 

At the beginning of the nineteenth century, chlorine was recommended as a 
disinfectant by W. Cruickshank ; 18 and towards the middle of the century, the 
efficiency of chlorinated lime as a disinfectant and deodorant was generally recog- 
nized, and in 1854 a Royal Commission recommended this substance for deodorizing 
tbe sewage. of London. At that time, the action of disinfectants was generally 
supposed to he effected by the arresting or preventing of putrefactive changes. The 
work of T. Schwann (1839), L. Pasteur (1862), etc., showed that bacteria were 
responsible for putrefaction and fermentation, and that specific organisms were 
responsible for certain specific diseases. Chlorine was successfully used in the 
sanitary work connected with the outbreak of puerperal fever in Vienna in 1815 
J. Race estimated that in 1918 over 3000x106 gallons of water were being treated 
. per diem in North America ; and over 1000 cities and towns employed the process. 

j xt.* i- -i' '^ e ^. 8 ^ eT P^posed the use of electrolyzed sea-water as a disinfectant 
and this liquid was introduced by E. Hermite (1889) as limited fluid for domestic 
purposes as well as for flushing sewers and latrines. The objections to this liquid were 
due to the unstable character of the magnesium hypochlorite formed at the same time 
K YPochlonte m the electrolysis of sea-water. The magnesium salt 
7 i Ze8 ’ h ^ 03ade deposits in the electrolytic cell, 

wh °, f i mstable hypochlorous acid. A cone. soln. of sodium chloride 
Variouf^A^ a £ d t . ke U( l uor bas been ^lled clectrozowu tthlurm, 

preparations of hypochlorites were also employed on a largo scale for 
the purification of water ; H. Berg6 used chlorine peroxide ; 'and in A 0 E m’ 
process water was chlorinated with chlorine itself. A * il t<m 

S. Rideal noticed the peculiar effect of ammonia on the germicidal value of 
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hypochlorite passed into monochloroamine, NB^OCl^N^Cl-fHgO. The use of 
chloroamine for chlorinating water was tried on a large scale at Ottawa (1917), 
and at Denver, Col. (1917), with good results. N. D. Dakin and co-workers (1917) 
'tried other chloroamines — e.g. sodium toluene-p-sulphochloramide ; and several 
aromatic sulphodichloroamines, e.g. Cl 2 N.SO J ..C 6 H^.COOH, were found suitable for 
use in tabloid form for the sterilization of small quantities of water by cavalry and 
other mobile troops. The preparation has the trade name halaaone, and H. D. Dakin 
and co-workers have shown that three parts of halazone per million suffice to sterilize 
heavily polluted waters in 30 min ., and this concentration is effective in destroying 
pathogenic organisms. The effect of ammonia in destroying the bleaching activity 
and the property of oxidizing organic matter by hypochlorite soln. is taken to prove 
that the nascent oxygen hypothesis fails to explain the retention of the bactericidal 
power of such soln., and it is attributed to the direct toxic action of chlorine or 
chloroamines. 

Bromine is used in the preparation of various chemicals — bromides, etc. — 
employed in the manufacture of aniline dyes, and in photography. The alkali 
bromides are used medicinally, and free bromine is used as an oxidizing agent in 
analytical chemistry; in the manufacture of ferricyanides, permanganates, eto.' 
Bromine is also used as a disinfectant or sterilization agent, largely in the form of 
bromum soUdiJtcatum , which is a mixture of kieselguhr with a binding agent which 
is moulded in the form of rods, baked, and sat. with liquid bromine. The product 
contains up to 75 per cent, of its weight of bromine . 19 

Iodine is used m various forms in medicine — e.g. tincture of iodine, liquor iodi, 
iodized cotton, iodized wine, iodized water, oils and syrups ; iodides of potassium, 
mercury, iron, arsenic, lead, etc. ; and as methyl iodide or di-iodide ; iodoform, 
CHIg ; ethyl iodide, 0 2 H 5 I ; iodole, C 4 I 4 .NH ; aristole ; etc. — largely for external 
application as an antiseptic. Some iodides are used in photography, and in analy- 
tical operations ; and a considerable amount of iodine is used in the preparation 
of anilme dyes. 
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§ 13. Colloidal Iodine and Iodized Starch 

W. Harrison 1 prepared unstable hydrosols of iodine by adding liydriodic acid 
to a dil. soln. of iodic acid ; and by adding alcohol to soln. of iodine in glycerol. 
The hydxosol is at first blue, bnt it quickly flocculates forming a grey aggregate which, 
if the cone, be small, can scarcely be recognized. J. Amann has prepared soln. in 
sulphuric acid and in propylamine. The relation between the colour and the nature 
of the solvent has already been discussed. 

Dry iodine does not colour dry starch blue, but rather turns it brown, and the 
brown gives place to blue on contact with water. When in contact with starch, 
iodine forms an intense blue-coloured product, iodized starch. Under similar con- 
ditions, bromine forms an intense yellow. According to 0. Meineke, the react ion 
with iodine is delicate enough to reveal the presence of 00000003 grm. of iodine per 
c.o., while F. Mylius and G. Just say O'OOOOOOl grm. The great sensitiveness ot 
this reaction makes starch a valuable indicator for the presence of free iodine in 
volumetric analysis. According to E. 0. Accum. starch was recommended for the 
detection of iodine by F. Stromeyer. F. Mylius, F. E, Hale, and C. Lonncs found that 
hydrogen iodide and iodine are present in iodized starch in the ratio 1:4, and the 
formula (C^H^C^oIkHI was assigned to the blue product where the iodine and 
iodide are related as H— I=I 4 , etc. F. Seyfert and J. T6th objected to F. Mylius’ 
contention that an iodide or hydriodic acid is necessary for the production of the 
blue coloration. An excess of potassium iodide colours iodized starch brown, the 
brown colour becomes blue on dilution with water. The reddish-brown colout 
produced by the action of iodine and a cone. soln. of potassium iodide on starch is 
also turned blue by water. F. Mylius suggested that the reddened starch contains 
no potassium iodide, but twice as much iodine as the blue product, but F. E, Hale 
suggested that since a cone. soln. of potassium iodide turns the blue Starch red, and 
the reddened product becomes blue when treated with water, it is more likely' that 
the red product contains more iodide than the blue. According to E. W. Washburn, 
the presence of alkali chlorides, magnesium sulphate, etc., does not interfere. Tlnl 
colour obtained in the presence of potassium iodide is not the same in tint as if other 
salts are present ; and the amount of iodine required to produce a blue colour oj 
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the same intensity is smaller with soln. of potassium iodide than with soin. of other 
salts of the same cone. F. Mylius maintains that the presence of an iodide, i.e. 
I'-ion of a cone, at least 10 ~ 6 grm. per litre, is necessary for the development of the 
blue colour, so that the starch soln. is usually mixed with an iodide — say iodide of 
potassium, zinc, etc. 0. Tomlinson found many other iodides served the same 
purpose. 

According to W. Harrison, the addition of alcohol changes the blue colour of iodized 
starch to violet, red, orange, and yellow, and E. Baudnmont found that the same 
colour changes are produced by heat, provided not too much iodine is present. The 
blue colour begins to leave aq. iodized starch at about 40°, and disappears between 
60° and 70°. A soln. of iodized starch heated above-70° is colourless if dil., and straw 
yellow if cone. On cooling, the original colour is restored if the soln. be rapidly 
heated and quickly cooled, but with a prolonged heating, the intensity of the colour 
is feebler, and maybe does not return at all. The colourless product is supposed by 
L. Bondonneau, J. L. P. Duroy, and P. Guichard to be a colourless organic iodide 
because the colour is restored by the addition of nitric acid or an iodate ; and with 
chloroform, it becomes violet. L. W. Andrews and H. M. Gottsch say that clear 
starch soln. prepared at 150°, takes up in the cold iodine eq. to (CgH 10 O 5 ) 12 I ; 
a starch soln. heated with an excess of iodine to 100° for a short time forms 
(C 6 Hi 0 05 ) 12 Ia ; and a starch soln. heated to 100° for a long time gives a colour- 
less soln. containing most of the iodine as an organic iodide; some hydriodic 
acid and glucose are also formed. F. Mylius and F. W. Kiister say that dried 
blue-iodized starch forms a brown powder which becomes blue again in presence 
of water. The colour of iodized starch is so different from that of other iodine 
compounds that it has attracted some attention. N. Blondlot, A. Bechamp, 
J. J. Pohl, It. Fresenius, E. Duclaux, B. Bruckner, and F. W. Kiister have 
supported the hypothesis that iodized starch is a mixture of starch and iodine, or 
a soln. of the latter in .the former, while E. G. Rouvier, A. Payen, J. Fritzsche, 
L. Bondonneau, P. Guichard, E. Sonstadt, H. Pellet, and F. Mylius hold it to be a 
chemical compound of starch and iodine, and hence arose the term starch iodide. 
There is, however, no agreement as to the composition of the alleged compound 
since the amount of iodine is variously reported to he from 3 - 2 to 19'6 per cent., 
and the formulae accordingly extend over a wide range. A. Coehn showed that 
iodized starch is a negative colloid. F. W. Kiister found the amount of iodine 
absorbed by solid starch is wholly dependent on the cono. of the soln., and he 
concluded that iodized starch is neither a compound nor a mixture, but is a well- 
defined solid soln. of iodine in starch. M. Katayama also showed that, in dil. soln., 
the cone, of the iodine in the starch is proportional to the cone, of iodine and starch 
respectively, but varies in a somewhat complicated manner with the iodide cone. 
In very dil. soln., it is proportional to the second or third power of the iodide cone., 
but the effect is proportionately smaller as the cone, increases, and depends also 
on the starch cone. He also draws a similar conclusion to F. W. Kiister. L. W. 
Andrews, and H. M. Gottsch. Soln. of iodized starch give up considerable amounts 
of iodine to chloroform, but subsequent additions of chloroform give no sign of a 
partition coeff. as would be anticipated if the iodine were merely dissolved in the 
starch. The vap. press, of iodine in iodized starch is very small after the removal 
of the first portion of iodine. M. Padoa and B. Savar^ measured the conductivities 
of soln. of iodized starch, and although it was not possible to obtain a product with 
a constant ratio between iodine and hydrogen iodide, they say that one definite 
additive compound, analogous with F. W. Kiister’ s assumption, is formed. W. Biltz 
also argued that other substances are coloured blue by the adsorption of iodine. 
For example, A. Damour, R. J. Meyer, and N. A. OrlofE found this to be the case with 
lanthanum acetate, and basic praseodymium acetate ; 0. Graebe also found euxan- 
thic acid, cholic acid, and narceine behave similarly. Iodine is also adsorbed by a 
number of other substances forming brown instead of blue solid soln. — e.g. J. Walker 
and S. A. Kay found such to be the case with magnesia; W. A. R. Wilks 
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found that with slaked lime bromine and iodine dissolved in carbon tetrachloride 
form adsorption products, while chlorine forms a chemical compound. K. Estrup 
andE. B. Anderson studied the adsorption of iodine by precipitated barium sulphate ; 
and H. Siegrist and E. Eilippi found tannin and a number of organic bases to behave 
similarly. G. C. Sc hmi dt studied the partition of iodine between alcohol and 
animal charcoal, and found that this is not in accord with Henry’s law C/Cb=constant, 
where 0 denotes the quantity of iodine adsorbed by the charcoal, and C* the quantity 
which remains in 10 c.c. of the solvent. 0. C. M. Davis studied the partition of 
iodine with different solvents and with different forms of charcoal, and found that 
with constant surface area, the amount of adsorption is specific, depending; both on 
the nature of the solvent and of the adsorbent. If % denotes the amount of iodine 
adsorbed when w grms. of solid are employed, the amount adsorbed per gram is 
represented fairly well by H. Freundlich’s empirical formula : Amount adsorbed 
per gram, xjw=fe jp, where j8 and p are constants. 0. C. M. Davis found that 


Solvent. 

1 

Animal charcoal. 

JS P 

Sugar carbon. 

0 P 

Cocoanut carbon. 

Toluene 

0*370 3*36 

0*357 2*48 

0*021 

Benzene 

0382 3-22 

0*302 2*49 

0*018 

Ethyl acetate 

0*430 3*26 

0*315 2*87 

0*010 

Alcohol 

0-466 3*09 

0*258 2*40 

0*0 14 

Chloroform . 

0-545 2-98 

0*479 5*13 

0*020 


The adsorption of iodine is approximately the same with animal and sugar charcoal 
but cocoanut charcoal adsorbs only a fraction of this amount. The adsorption 
consists of a surface condensation, and a diffusion, owing to solid soln., into the 
intenor ; the surface condensation is complete in a few hours, the diffusion may 
occupy weeks or months. The product obtained by saturating animal charcoal 
with iodine has been used as a medicament under the trade name iodantraco and 
. bomdi has investigated which solvents extract the iodine most readily— water 
S - <M - s . Io 1 W6r » but dil. alkali soln. extract most of the iodine. 

jehermge and P. Guichard have studied the adsorption of iodine vapour bv 
sand, silica, opal, agate alumina, magnesia, beryllia, and charcoal. E. F. Lundolhi 
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§ 14. The Atomic Weights oi Chlorine, Bromine, and Iodine 

The first determinations of the at. wt. of chlorine were obtained by the analysis 
of the chlorates ; later determinations have been directed towards the quantitative 
synthesis of hydrogen chloride, or to the use of physical methods — mol. vol., limiting 
densities, and critical data. General calculations have been made by E. W. Clarke, 
B. Brauner, and others. 1 

L The analysis of the chlorates.— In 1826. J. J. Berzelius 2 determined the at. wt. 
of chlorine by the analysis of the chlorate. He determined the percentage amount 
of potassium chloride remaining after the ignition of the chlorate ; he took the 
precaution to correct his result for the amount of solid mechanically carried away 
by the current of oxygen gas, or actually volatilized. This furnished the ratio 
potassium chloride : oxygen ; J. J. Berzelius had previously determined the ratio of 
silver : chlorine in silver chloride by treating a soln. formed by dissolving a known 
weight of silver in nitric acid and precipitating silver chloride, or evaporating the soln. 
with hydrochloric acid. Hence, the precipitation of silver chloride by the addition 
of a known amount of potassium chloride to silveT nitrate enables the potassium : 
chlorine ratio to be determined. The results allowed the relation between oxygen, 
potassium, chlorine, and silver to be computed. 

The oxygen in the chlorates was determined by E. Penny (1839) 3 and by A. Stahler 
and P. Moyer (1911) by treating potassium, sodium, or silver chlorate with cone, 
hydrochloric acid ; while T. J. Pelouze (1842), J. 0. G. de Marignac (1842), C. Ger- 
hardt (1845), L. MaumenS (1846), Y. Paget (1846), and J. S. Stas (1865) heated the 
chlorate according to the Berzelian process. J. C. G. de Marignac also made some 
experiments on potassium perchlorate in 1842 ; and T. W. Richards and H. H. Wil- 
lard (1910) treated lithium perchlorate in an analogous manner. E. W. Clarke’s 
calculation of the general mean of the experiments gave 60*846 ± 0*00038 parts of 
KOI from 100 parts of KC10 8 . 

The silver : chlorine ratio was determined by E. Turner (1829), 4 E. Penny (1839), 
J. C. G. de Marignac (1842), J. B. A. Dumas (1860), J. S. Stas (1865), and by T. W. 
Richards and R. C. Wells (1905) by the precipitation of silver chloride. L. Maumen& 
reduced silver chloride to the metal by heating it in a stream of hydrogen ; and 
J. S. Stas also synthesized silver chloride by heating the metal in chlorine gas. 
This ratio has also been determined by several less direct methods. E. W. Clarke’s 
calculations furnished 32 8606 ±0*00031 for the general mean representing the 
amount of chlorine which combines with 100 parts of silver to form silver chloride. 

Since J. J. Berzelius’ work, the alkali chloride : silver ratio has been repeatedly 
measured, among others by J. C. G. de Marignac (1842), 5 L. Maumene (1846); 
J. S. Stas (1865), T. W. Richards and E. H. Archibald (1903), E. H. Archibald (1904), 
T. W. Richards and A. Staehler (1907), and by A. Thiel (1904), T. J. Pelouze (1845), 
J. C. G. de Marignac (1842); and J. S. Stas (1865), A. Scott (1901), and T. W. 
Richards, P. Kothner, and E. Tiede (1909) determined the ratio between ammonium 
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chloride and silver. J. S. Goldbaum electrolyzed a soln. of sodium chloride with a 
weighed silver anode and mercury cathode. Sodium as cation forms an amalgam, 
and the chlorine attaches itself to the silver of the anode, and the increase in weight 
represents the hal ogen content of the salt. A correction was made for the silver 
which dissolved from the anode. He obtained Cl=35*456, when referred to sodium 
=23*00. F. W. Clarke’s calculation of the ratio Ag : KC1=100 : x furnished as a 
general mean 69*1138 ±0 ‘00011 for the amount of potassium chloride which unites 
with 100 parts of silver to form silver chloride ; or 52*0163 ±0*00018 parts of potas- 
sium chloride furnish 100 parts of silver chloride. 

The first ratio gives the relation between the mol. wt. of oxygon as standard and 
the mol. wt. of potassium chloride ; the second gives the relation between potassium 
chloride and silver ; and the third the relation between silver and chlorine. 
J. S. Stas’ work on at. wt. has been deservedly eulogized. For many years it was 
considered to be so near perfection as was possible to man. J. S. Stas seemed to 
have taken the most subtle precautions to exclude errors of manipulation, and to 
ensure the purity of Ms materials. He also followed the advice of J. J. Berzelius, 
for, in order to eliminate constant errors, he used materials from different sources, 
and followed many different paths in arriving at Ms results. Only when consistent 
values were obtained by different methods did he assume that the results were 
reliable. The following outline will give an idea of the plan of J . S. Stas’ work : 

3. Determination of the relation between sodivm chloride and silver.— Ten 
samples of a known weight of purified silver were dissolved in nitric acid, and 
each was treated with purified sodium chloride. The excess of silver was 
determined volumetric ally and the precipitated silver chloride was reduced 
to metallic silver and weighed. The best representative value of these de- 
terminations was : 54*2078 parts of NaCl were required for 100 'parts of silver. 

2. Determination of the relation between chlorine and silver.— Silver chloride 
was prepared from purified silver in several different ways : (1) By burning 
the metal at a red heat in chlorine gas ; (2) by dissolving the silver in nitric 
acid, and precipitating silver cMoxide (a) with hydrogen chloride, (b) with 
hydrochloric acid, and (c) with ammonium cMoride (in this process some silver 
chloride was lost in wasMng the precipitate). The best representative value 
of this work was: 132*8445 parts of silver chloride was obtained from JOO purls 
of silver. By calculation it follows (1) that 100 parts of silver combine with 
132*8445 less 100=32*8445 parts of chlorine ; (2) that 100 parts of silver com- 
bine with 52*2078—32*8445=21*3633 parts of sodium. Or, 


Ag : Na : Cl=100 : 21*3633 : 32*8445 


. Determination of the relation between silver chloride and oxygen.- This 
gives the relation between silver, sodium, and chlorine. If the relation between 
hydrogen ox oxygen and any one of these elements be known, the at. wt,. of 


. . .. , , - . —«—■» oxygen us standards follows directly. 

^ teri£ ^ ed by converting silver chlorate into silver chloride : 
^AgU(J 3 -2AgCl-f30 2 . A known weight of purified silver ohlorat e was tlocom* 
posed by sulphurous acid : AgC10 3 +3H 2 S0 8 =AgCl+3H ;; Sl>,. Th(1 „ h i„ rat ™ 
were also decomposed by ignition. As a result it was found that 74*1)20,5 parts 
oj silver chloride were equivalent to 100 parts of silver chlorate : or 25*0795 parts 

*2/°? V ^ S °* chlorate ; or 25*0795 parts of oxygon 
are eq. to 74 9205 parts of silver chloride. 1 J B 


muft be ^0?95~ aSlfl" 3 ?i 4 f 9 nr 16, foUows * hat the wt. x of silver chloride 
te3lfi^Vn 8 «t-i«r 7 M 92 - 06: ®’ J W u er9 a:==U3 ' 395 * 100 parts of silver 

J£ lft£u -tSSR ^oo ° 132 ' 8 ml ° £ ^ oUU>ritUi 

if O- 10 , 01=35.453. for sodium, 32*8446 part/of chlorine Combine with 
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21*3633 parts of sodium, and hence 35*463 parts of chlorine unite with 23*0599 
parts of sodium. 

Hence, if 0=16, the combining weights of silver, sodium, and chlorine are 
related as 

Ag : Na : 01=107*942 : 35*453 : 23*0599 

Similar experiments were made with halogens bromine and iodine, and the 
remarkable accuracy of J. S. Stas’ work may be judged by comparing his 1865 
values with those employed at the present day : 

Chlorine. Bromine. Iodine. Silver. 

Stas’ 1866 values . . 35*4:57 79 955 126*850 107*93 

International table, 1918 35*46 79*92 126*92 107*88 

J. S. Stas also repeated the work with lithium, sodium, and potassium ; incidentally, 
the value for nitrogen was determined. The values deduced in this way were : 

Potassium. Sodium. lithium. Nitrogen. 

Stas’ 1865 values . . 39*14 23*04 7*02 14*04 

International table, 1918 39*10 23*00 6*94 14*01 

The chief weakness in J. S. Stas’ work arose (1) from the diffi culties in manipu- 
lating the unusually large amounts of material employed in each determination, 
and (2) precipitating his compounds from too cone. soln. in order to keep down the 
bulk of the liquid. This led to the adsorption of relatively large amounts of the 
precipitant by his precipitates. Indeed, says T. W. Richards (1911), 6 the presence 
of residual water and the loss of traces of “ insoluble ” precipitates by dissolution 
during filtration, have perhaps ruined more at. wt. determinations than any other 
two causes — unless indeed the adsorption of foreign substances by precipitates may 
be ranked as an equally vitiating effect. Much of Stas’ work has been revised — 
chiefly by T. W. Richards and his co-workers — with the idea of providing for the 
small errors which affected Stas’ work. 

It may here be emphasized 7 that different results may be obtained by varying 
the method of calculating at. wt. The ratios actually measured are affected by 
unavoidable errors of experiment, and during the calculation these errors may be 
distributed over the several ratios concerned, or they may all accumulate upon 
that value last determined. Thus, in calculating the at. wt. of fluorine from 
the observed ratio, CaE 2 : CaS0 4 , the errors of experiment are superposed upon 
the errors involved in obtaining the at. wt. of calcium and sulphur when 
oxygen 16 is the standard of reference. In the ideal case, the observed data should 
be so treated that the errors are properly distributed among the different weighings, 
and their influence reduced to a minimum. The mathematical operations are well 
understood, and the laboratory should furnish the necessary data. 

n. The quantitative synthesis of hydrogen chloride. — H. B. Dixon and 
E. C. Edgar 8 prepared chlorine by the electrolysis of fused silver chloride and 
weighed it in the liquid form ; hydrogen was prepared by the electrolysis of a soln. of 
barium hydroxide and weighed occluded in palladium. The hydrogen was burnt in a 
globe filled with chlorine, and the excess of chlorine determined by absorption in 
potassium iodide and titration of the liberated iodine with sodium thiosulphate. The 
mean of nine determinations was 35*463(H=1 *00762). W. A. Noyes and H. C. P. 
Weber passed hydrogen weighed in palladium over heated potassium chloro-platinate. 
The loss in weight of the latter salt gave the weight of chlorine employed. The 
hydrogen chloride produced was also collected either by absorption in water, or 
condensed to a solid by cooling with liquid air. The mean of twelve determinations 
gave 35*452(H=1). E. 0. Edgar then synthesized hydrogen chloride by weighing 
the hydrogen, chlorine, and hydrogen chloride. The latter was freed from the excess 
of chlorine condensed along with the hydrogen chloride by allowing the liquid to 
evaporate ; passing the vapour through a quartz tube filled with mercury vapours ; 
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and condensing the purified hydrogen chloride, back to a liquid, or dissolving it in 
water. Result, 35*461. R. W. Gray and F. P. Burt first determined the weight of 
a normal litre of hydrogen chloride to be 1*63885 grms. ; they then passed the gas 
over heated aluminium, and measured the volume of the liberated hydrogen. Two 
volumes of hydrogen chloride gave 1*00790 vols. of hydrogen. With Morley’s value 
for the density of ohlorine, it was found that 36*4672 grms. of hydrogen chloride give 
35*4594 grms. of ohlorine, if the unit of hydrogen be 1*0078 grin. P. A. Guye and 
G. Ter- Gazarian’s determination of the relative density of hydrogen chloride also 
gave 35*461 for the at. wt. of chlorine. J. Deutsch obtained a rather lower value. 

m. The analysis of nitrosyl chloride. — P. A. Guye and G. Fluss 0 first distilled a 
known weight of purified nitrosyl chloride, N0C1, over heated silver — this retained 
the chlorine ; it was then passed over heated copper — this retained the oxygon ; 
and finally it was passed over metallic calcium — this retained the nitrogen. The 
sum of the weights of chlorine, oxygen, and nitrogen so determined was usually a 
little less — up to 0*0012 grm. — than the weight of the nitrosyl chloride employed. 
The mean value for chlorine gave 35*468. 

_ IV- Physical methods. — Several physical methods have been employed for deter- 
mining the mol. wt. of hydrogen chloride. The density of hydrogen chloride deter- 
mined by R. W. Gray and F. P. Burt 10 was 1*62698 grms. for a normal litre ; and 
1*42762 for oxygen. Hence, with the mol. wt. of oxygen, 32, as the standard of 
reference, the mol. wt. x of hydrogen chloride is given by the proportion 1*42762 : 
1*62698=32 : x, where 2=36*469 ; with the at. wt. of hydrogen 1*0076, the at. wt. of 
chlorine is 36*469— 1*0076=35*461. The compressibility coeff. — that is, the mean 
deviation of hydrogen chloride from Boyle’s law — required for an application of the 
D. Berthelot’s method of limiting densities (1. 6, 8), has been determined by A. Lcduc 
to be .^o 1 — 0*00758 ; E. Briner, 0*00750; R. W. Gray and F. P. Burt, 0*00743 ; and 
A. Jaquerod and 0. Seheuer found for oxygen =0*00097 ; R. W. Gray and 
F. P. Burt, 0*000964. Hence, A. Leduc calculated the mol. wt. of hydrogen chloride 
to be 36*460 ; and E. Briner, 36*462. A. Leduo’s method of molecular volumes, 
where it is assumed that all gases at corresponding temp, and press, have the same 

™ alU6 f ? r moL ^ of chloride; and 

Mu .Briner, 36 453. The method by the reduction of the critical constants, based on 
the equation: Mol. wt. referred to oxygen 32 is equal to 22 *4121^/(1-1 
where W denote* the weight of a litre of gas at 0° and 760 mm., reduced to sea-level’, 
and latitude 45 P. A. Guye .and G. Ter-Gazaria’n n found f or a normal litr0 
of hydrogen chloride, W=l*6398 ; and (l+a 0 )(l-& 0 )==l *00773, so that the mol. wt 

ohlS°Sbe 35 n 4616. “ d “ ** *** ° £ fa 1-0078. that of 

the sta f i . ard ofre£«c«ncc, F. W. Clarko (1010) refined* 
°?° 2 a f J>est representative value for the at. wt. of chlorine if the at 
■ a “. d (1913) considers the 


3“T'5 I “*' *?■ 35 ' 467 ' * be ™;3 

Bkt4 6 ra i 4^tHX| b6 - 10, if n ' J B ' Bra ™“ als0 “mires : Wlat relianoe can bo 
placed on the third deounal ? and answers that the uncertainty is smaller if silver 

Lad S inTS?Ffa i ne f c e ald ? d aB a constant. If referred to silver 
+0^019 betlfk.l'l V" 0 J, 0ldori . 116 Ke ! between SB-454 and SB-458, or 35-458 
bo?w“nit aS “? d * “pop thooycleof relations 

or possibly 35 45^ d37-4m - 1°^°^ I 163 . 1 "*™® 35453 and 35-459, 

»*»**«* ®■ I !^ arln^iIl^JsfeK^tea a th^idea < ^om6-hioahy^by : rn l ea^ , of 
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It is astonishing what a vast amount of labour has been expended in the 
for increased accuracy in the determination of the at. wt. ratios. Some of the latE? 
determinations are masterpieces of precision. It is probable that the majority of 
these researches has been directed towards the chlorine : oxygen or the chlorine : 
hydrogen ratio on account of its fundamental importance. Even now J. E. W. Her- 
schel’s words 12 arc not inapplicable : 

It is doubtful whether such accuracy in chemical analysis has yet been attained as to 
enable us to answer positively for a fraction not exceeding the three or four-hundredth part 
of the whole quantity to be determined ; at least, the results of experiments obtained 
with the greatest care often differ by a greater amount. 

Many have had misgivings as to the utilitarian value of the enormous labour which 
has been expended in this direction, and particularly when the best representative 
values of all the best results are usually rounded off to the nearest tenth when the 
at. wt. are employed in chemical calculations. Lord Kelvin’s words are often quoted 
as a stimulus to greater and still greater precision : 

Accurate and minute measurement seems to tho non-scientific imagination a less lofty 
and dignified work than looking for something new ; discoveries of science have been the 
reward of accurate measurement, and patient, long -continued labour m the minute sifting 
of numerical results. 

The eighty or more individual numbers we call at. wt., adds T. W. Richards, “ are 
perhaps the most striking of the physical records which Nature has given us concern- 
ing the earliest stages of the evolution of the universe. They are mute witnesses 


Si/veiJ Ag-mS71 707-877707874 70*876 10*878 707-873 707-887 

„ 

C! =35-452 35*53 35-453 35*5*35+5*35455 35-45635*56 55*167 35-45735*58 35*59 35*55 


Fig. 22. — B. Brauner’s Table of the Relation of the Atomic 
Weight of Chlorine to that of Silver (Oxygen 16). 


of the first beginnings of the cosmos out of chaos, and their significance is one of the 
first concerns of the chemical philosopher.” 

We are now promised atoms of one element of different weight ; so that the 
observed at. wt. is a kind of average. If the atoms of different weight could be 
separated, the fractions would occupy the same position on the periodic table, and 
be chemically identical — they are called isotopes, and the subject is discussed in 
Vol. III. According to the positive ray spectrograph, E. W. Aston 13 obtained 
results which show that chlorine contains tjvo isotopes of at. wt. 35 and 37 ; and 
W. D. Harkins has claimed that in the atomy sis of hydrogen chloride the density 
of the fraction which remains in tho diffusion tube increases at a rate corresponding 
with the assumption that the chlorine isotopes have at. wts. 35 and 37 — with possibly 
a third of at. wt. 39. E. W. Aston added : 


At first sight it may soom incrediblo that chlorine, whose chemical combining weight 
has boen determined moro often and with greater aecu racy than almost any other element, 
should not have given evidonco of its isotopic nature in tho past ; but it must be remembered 
that, in all probability, every ono of these determinations has been performed with chlorine 
originally aorivod from tho soa in which tho isotopes, if over separate, must have been 
perfectly mixed from tho most remote ages. Chlorine from some other source, if such can 
be found, may woll give a different rosult, as did radio-load when examined. 

The atomic weight of bromine. — The at. wt. of bromine has been determined 
by methods which follow in principle those employed for chlorine. A. J. Balarc 
(1820), u the discoverer of bromine, transformed a known weight of potassium bromid< 
into the sulphate, and also reduced silver bromide to metallic silver by means o: 
zinc ; the numbers 74*7 and 75'3 were respectively obtained. J. von Liebig (1826] 
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also transformed potassium bromide into silver bromide, and obtained 75'2 for the 
at. wt. of the element; C. Lowig (1829) obtained 75 '76. These numbers are very 
low ; this is, no doubt, due to the impurities present in the salts. J. J . Berzelius (1828) 
converted silver bromide into the chloride by the action of chlorine gas, and obtained a 
value m a'p'prochee du but, namely, 79 '36 . J. B . A. Dumas (1859), by the same method, 
obtained 79*95. ■ W. Wallace precipitated silver bromide from arsenic tribronnde, 
AsBr 8 , by the addition of silver nitrate, and obtained an at. wt. of 79 '738, when the 
at. wt! of silver is 107*97, and arsenic 75. The preceding determinations are usually 
disregarded in modem estimates of the at. wt. of bromine because of the then 
imperfect state of the art of chemical analysis as involved in the work. 

J. C. G . de Maiignac 16 decomposed potassium bromate by careful calcination, 
and precipitated the bromine from the resulting potassium bromide, by treatment 
with silver nitrate. J. S. Stas reduced silver bromate by treatment with sulphurous 
acid; the ratio of silver to bro min e was also determined by J. C. G. do Marignac 
and by J. S. Stas either by synthesizing silver bromide from its elements ; or by 
converting potassium bromide into silver bromide. J. S. Stas’ value, 79*9628 
±0-0032, has been recalculated by E. W. Clarke and by J. D. van der Hants, who 
obtained respectively 79*951- and 79'955. A. Scott obtained values varying from 
79*899 to 79*911 from his analysis of ammonium bromide. J. S. Ooldbaum 
(1911) by the electrolytic method used for the ratio Na : Cl, obtained for the at. wt. 
of bromine 79*927, when the at. wt. of sodium is taken as 23'00. G. P. Baxt er ( 1 IK Hi) 
dissolved the purest silver in nitric acid, precipitated silver bromide by the addition 
of a mmo nium bromide, and finally fused the washed and dried product in bromine 
'vapour. He obtained values ranging from 79'914 to 79 '918— average 79'915— as 
the best representative value of his determinations. By collecting together all the 
direct and incidental determinations of the silver-bromine ratios since about 18*13, 
F. W. Clarke obtained 79*9197 as the best representative value for the at. wt. of 
bromine (silver =107 '880, oxygen=16)'; B. Brauner obtained 79*91(5, if silver be 
107-880 ; 79'913, if silver be 107*876 ; and 79*909, if silver be 107'871 ; the error in 
the third decimal place is estimated to be about 0'004. P. A. Guyo, E. Moles, ( 1. K. 
Reiman, and W. J. Murray have computed the at. wt. of bromine from determina- 
tions of the density and compressibility of hydrogen bromide. The results lie 
between 79*924 and 79*926, when H=l*0076. The International table gives 79'92 
as the best representative value when silver is 107 ’88. 

The atomic weight ol iodine.-— In his historic Memoire sur I'iodv. (181*1), J . L. Gay 
Lussac 16 attempted to determine the at. wt. of iodine by the synthesis of zinc, iodide, 
and in this manner he obtained the value 125 for the constant. II. Davy obtained 
132 by converting sodium hydroxide into iodide. By an analogous process to that 
employed by J. L. Gay Lussao, W. Prout obtained 126. In 1825, T. Thomson 
obtained 124 as a result of decomposing potassium iodide. In 1828, J. 3. Ber- 
zelius converted silver iodide into tbe chloride by the action of chlorine on the heated 
salt, and obtained values ranging between 126*26 andl26'39 ; and by the same method, 
J. B. A. Dumas obtained the value 126*59. In 1843, N. A. E. Millon determined the 
percentage of oxygen in potassium iodate and silver iodato and obtained respec- 
tively 126697 and 125*33. The preceding determinations are usually disregarded 
in modern estimates of the at. wt. of iodine because “ the art of qualitative analysis 
was then in its infancy.” 

, 9 * de Marignac showed that the ignition of the iodate isnot suitedfor the deter- 

mination since some iodine is lost during the calcination, and he preferred the synthesis 
of silver iodide by dissolving a known weight of silver in nitric acid and precipitating 
the contained silver as iodide, by the addition of potassium iodide. The result 
furnished 126'537 and 126*550. J . S. Stas 17 analyzed silver iodato and determined 
both the water and the oxygen given off in each calcination, as well as the amount 
of silver iodide. He also reduced the iodato to iodide by sulphurous acid, and 
synthesized silver iodide by precipitation from silver nitrate by means of liydriodic 
acid, and by treating silver sulphate with ammonium iodide. The results varied 
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from 126 85 to 126-864 — average 126 855. Both. J. C. G. de Marignac’s and J. S. 
Stas’ results were affected by constant errors, the chief one being due to the oo- 
olusion of silver nitrate by the precipitated silver iodide. In 1902, A. Ladenburg 
claimed that the value 126 '85 was about one- tenth too low; and soon afterwards, 
A. Scott obtained the value 126'912 as a result of two syntheses of silver iodide. 
P. Kothner and E. Aeuer synthesized silver iodide by heating the metal in iodine 
vapour, and by precipitation from silver nitrate by the addition of hydriodic acid, 
taking precautions to eliminate the ocolusion of mother-liquor. As a result, they 
obtained 126'936 (oxygen 16). 

A very careful series of determinations were made by G. P. Baxter about the 
same time. He precipitated silver iodide from silver nitrate by treatment of the 
soln. with ammonium iodide in the presence of an excess of ammonia ; and also by 
converting iodine into ammonium iodide and precipitating the silver iodide by the 
addition of silver nitrate, taking precautions to avoid an excess of the latter reagent. 
As a result of the whole work, 126*929 was obtained for the at. wt. of iodine. 
G. P. Baxter and G. S. Tilley also measured the ratio of silver to iodine pentoxide, 
and found 0*646230, which makes the at. wt. of iodine 126 891. M. Guichard de- 
composed iodine pentoxide into oxygen and iodine by heat ; the former was absorbed 
by red-hot copper, and the iodine condensed. ’ He found that if oxygen has an at. 
wt. of 16, iodine is 126'915. G. Gallo electrolyzed a soln. of silver salt so that silver 
was deposited on the cathode, and the iodine liberated at the anode by titration 
with sodium thiosulphate. His determinations varied from 126 '82 to 126 '98 — 
average 126'89. 

Summing up the various determinations, F. W. Clarke obtained 126 '920 ±0‘00033 
as the best representative value for the at. wt. of iodine ; and B. Brauner 126*932, 
if silver be 107 ‘880 ; 126*927, if silver be 107-876 ; and 126'921, if silver be 107*871. 
It is very probable that the at. wt. is greater than 107 '870 (oxygen 16) and smaller 
than 107 ‘880, consequently, says B. Brauner, “ the uncertainty in these values for 
the at. wt. of iodino does not extend to many units in the third decimal place.” 
This makes the at. wt. of iodine 126*93. -The International table gives 126*92 as 
the best representative value. 

The anomaly in the at. wt. of iodino and tellurium with respect to their position 
in the periodic table has greatly stimulated researches on the at. wt. of these 
elements. It has been asked : Does iodine contain an undiscovered halogen 
clement of higher atomic weight than iodine ? In answer, G. P. Baxter converted 
iodine into hydriodic acid by hydrogen sulphide, and the hydriodic acid was con- 
verted back to iodine by distillation with potassium permanganate in small quantities 
at a time so as to obtain four fractions. No difference could be detected in the 
different fractions. If a halogen element were present in iodine with properties to 
be expected from the analogies with other members of the halogen family, it should 
have accumulated in the first fraction. Henoe it is unlikely that iodine contains a 
halogen element of higher at. wt. than iodine. E. Koklweiler, however, claims to 
have evidence ot the existence of iodine isotopes. 

The molecular weights of iodine, bromine, and chlorine. — When the vapour 
density determinations of all known volatile chlorides are collected together, a table 
illustrated by the excerpt Table XI is obtained. The smallest combining weight of 
chlorine in any one of these compounds corresponds with the combining 35*46— 
oxygon=16 — and accordingly this number is taken to represent the at. wt. oi 
chlorine. The at. and eq. wt. of chlorine have the same numerical value. Similai 
results are obtained with the volatile fluorides, bromides, and iodides. The results 
show that the best representative values fox the at. wt. of the halogens are FI, 19*0 ; 
01, 35*46 ; Br, 79*92 ; and I, 126*92. The vapour densities of the halogens corre- 
spond with diatomic molecules; at elevated temp., as already shown, there an 
signs of dissociation into monatomic molecules, and this more particularly wit! 
iodine and bromine than with chlorine and fluorine. E Paterno and R. Nasini 31 
have deter mi ned the mol. wt. of bromine in aq. and acetic acid soln. by the f.p 
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method, and the results correspond with the formula Br 2 . Iodine in dil. benzene 
sola corresponded with the molecule I 2 , hut in more cone, soln., the molecule seemed 
to be more complex. In acetic acid soln. the results were intermediate between those 
corresponding with mono- and di-atomic molecules. There has, however, been 
much discussion on the molecular condition of iodine in different solns. 


Table XI. — Molecular Weights of Volatile Compounds. 


Volatile chloride. 


Vapour density. 


Formula of com- 
pound : Mol. wt. = 
vapour density. 


Amount of chlorine 
In the molecule. 


Hydrogen ohloride . 
Chlorine 

Mercuric chloride . 
Arsenic trichloride . 

Tin tetrachloride 
Phosphorous pentaehlpride 


36-5 

70-9 

273-6 

182-1 

260-2 

208-3 


HC1 

35-4(1 

Cl a 

70-92 

HgCl a 

70-92 

AsCI 3 

100-38 

SnCU 4 

141-84 

PC1 S 

177-30 


The valency o! chlorine, bromine, and iodine. — Compounds are known in which 
the three halogens act as uni-, ter-, quinque-, or septa-valent elements. Usually, 
however, these elements are univalent. In chlorine dioxide, C10 a , the chlorine is 
bi- or quadri-valent . 19 In M. Berthelot’s hydrogen perehlorido, 1£(J1 3 , the chlorine 
is probably tervalent, andR. Meldola (1888) showed that the oxygen in the hydro- 
chloride of methyl oxide is best regarded as quadrivalent, the chlorine tervalent ; 
thus, (CH 8 ) 2 : 0 : Cl.H. Iodine also appears to be tervalent in the so-called iodonium 
compounds. 

When chlorine is passed into a chloroform soln. of iodobonzeno, C # K 5 T, an addition 
compound phenyliododichloride, C,H S I.C1 S , is produced in which tho halogen atoms arc 
probably tervalent. When this compound is treated with alkali hydroxide, iodosobmzme., 
*C 8 H b I 0, is formed ; and when this compound is boiled with water, it produces iodoxy- 
benzene, C 8 H B I0,, and iodobenzene, C g H 5 I. By the action of silvor hydroxide upon a 
mixture of eq. amounts of iodosobenzene, C B H 5 IO, and iodoxy benzene, 0 8 lt B I() a , followed 
by treatment of the clear filtrate with potassium iodide. V. Moyer prepared the no-culled 
diphenyl iodonium hydroxide, (C g H 8 ) 2 : 1.OH. The precipitated hydroxide forms an iodide, 
(C # H s ) a : I.I, which crystallizes from alcohol in yellow needle-liko crystals melting Is 'tween 
175° and 176°. The iodonium bases and salts resemble those of load, ami silver but par- 
ticularly those of thallium. The colour and solubility of tho halides resemble the corre- 
sponding salts of these metals. The chloride is white, the broraido palo yellow, and tho 
iodide yellow. The hydroxide and carbonate are soluble in water, and tho soln. give Jin 
alkaline reaction, as is the case with the corresponding thallium salts. Diphenyl iodonium 
hydroxide gives a precipitate with amm onium sulphide, which looks liko freshly precipitated 
antimony sulphide, and it consists mainly of a trisulphide — possibly I— S— S— B -1 « (( ‘ l(| H 5 ) a . 
The nitrate, (C 8 H B ) a I.N0 3 , acid sulphate, chromate, periodide, and other saltH have btw'ii 
prepared. The base in question seems to be a derivative of an hypothetical Iodonium 
hydroxide, HO— I— H a , analogous with hydroxylamine, HO— N =H a . Monolododlphenyl ■ 
Iodonium derivatives have been prepared by treating iodosobenzene, with sulphuric 

acid at a low temp., and afterwards treating the dil. soln. with potassium iodide. Tho 
iodide, (C g H 5 )I=I— CsH*— I, and the other salts, as well as the base, C 5 I I 4 — I, 

resemble the corresponding salts of diphenyliodionium. 

Compounds of the type KBtg are usually supposed to contain a tervalent halogen ; 
the chlorates, bromates, and iodates, and compounds of the type Csl 6 , to contain 
quinquevalent halogens ; and the perchlorates and periodates and compounds of 
the type Csl 7 , to contain septivalent halogens. 
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§ 15. The Colour of Solutions of Iodine 

The colours of iodine soln. may be roughly classed in two groups — violet and 
brown — but there are intermediate tints ranging from violet-red to reddish-brown. 
Thus, iodine gives a violet soln. with chloroform, and by the progressive addition of 
alcohol, the colour changes : 

Violet. Reddish-violet. Red. Brown. 

Alcohol . • . 0-1 0-2 0-4 0-5 por cent. 


According to A. Lachmann, 1 soln. with pure solvents are always either violet or brown, 
the intermediate tints are produced by impurities in the solvents, lie adds that 
violet soln. are furnished by hydrocarbons, halogen compounds (not iodides), nitro- 
compounds, and carbon disulphide, while brown soln. are furnished by iodides, 
alcohols, ethers, ketones, acids, esters, nitriles, nitrilo-bascs, and various sulphur 
compounds. There is a general tendency foT the brown soln. to become violet 
when heated, and the violet soln. brown when sufficiently cooled.- For example, the 
violet soln. in paraffin oil becomes brown at —90° ; and the brown soln. in the fatty 
esters becomes violet at 80°, while the soln. in ethyl ether remains brown up to the. 
critical temp, of the solvent. H. Rigollot tried to establish a connection between 
the mol. wt. of the solvent and the colour of the soln. He found that for homologous 
compounds, and for derivatives of the same radicle, the absorption band is very 
slightly displaced towards the violet end of the spectrum. It is curious that what 
P. Walden called the multivalent solvents are those which produce brown soln., 
and, according to W. Vaubel, a similar remark applies to the solvents containing 
oxygen, sulphur, and nitrogen — e.g. ether, organic acids, esters, alcohols, aldehydes, 
and ketones. Dimethylpyrone produces brown soln., and it, according to 
A. W. Stewart and R. Wright, is an oxonium compound with quadrivalent 
oxygen. Similarly, the members of A. Lachmann’s list of solvents which produce 
brown soln. have the characteristics of unsatuiated compounds in that they form 
associated molecules, etc. 

The absorption spectrum of the violet soln. is not very different from that, of iodine 
vapour, although one is a band and the other a line speotrum. In his HamlbiicU (hr 
Spectroscopic (Leipzig, 1905), H. Kayser thus summarizes tho observations on the 
•absorption spectra of red and brown soln. of iodine : 


i/P 10 * 3rown so '- n - 8X0 quite transparent to the longor wavoH of light, uiul opaque 

to the shorter waves ; the transition occurs in the visible spootrum for wave-lengths which 
are not very different. The violet soln. have a broad absorption band at about ftOOu/t, in 
consequence of which they have a stronger absorption in the rod portion of tho spectrum 
than red soln. ; they begin in the blue, and again become quito transparent in tho ultra- 
Violet, Where there is another absorption band whose position is not known very oxuHly, 
but which seems to be about 340 w , and is probably extondod to tho limits of tho spectrum. 

The absorption, speotrum of violet soln. is but little influenced by the nature of the 
solvent, by the temp, or by the concentration of tho soln. With brown soln. 
of the same concentration, the absorption in the violet end of tho visible spectrum 
and m the ultraviolet is much more marked. H. Gautier and G. Olmrpy, JM. Wiede- 
mann and H. Ebert explain the peculiarities in the optical properties of iodine 
soln. by assuming a polymerization of the solute iodine which in tho violet soln. 
contain I 2 -m.olecules, and in the brown soln. I n+2 -molecules. Under any particular 
tf ^ ^ ndltl i 011S ’ £ here 13 & state of e T^ibxium I n+2 ^wl 2 , which determines tho 
SlSft? F i° m f easuiem ents of the raising of the vap. press, of iodine in 
advents which produce brown and violet soln., M. Loeb assumed that tho iodine 

l° h u Pr6S I nt h molecilles and in the violet soln. as I 2 molecules, 
S e e ^ ™ let with a » of ^ L y fuming that 

2mT?£Ss; o^Cp^ 1806 " m faToui ° £ the 11 moi6OT! “.“ a 

E. Beckmann, however, has shown that the lowering of the f.p. of tho violet and 
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brown soln. do not support M. Loeb's hypothesis. 3 For example, the mol. wu of 
iodine at the f.p. of the following soln. is near to that theoretically required for I 2 , 
namely 253'84. 


Brown soln. Violet or reddish-violet soln. 


Aoetio acid . 

. . 

. 256 

Carbon tetrachloride 

. 252 

Urethane 

. . 

. 256 

Chloroform 

. 267 

Ethyl acetate . 

. . 

. 245 

Benzene . . . 

. 252 

Methylal 

• 

. 253 

Ethylene dibromide . 

. . 244 


Similarly with the raising of the b.p. in violet or reddish-violet soln. of iodine in 
benzophenone, carbon disulphide, ethyl chloride, chloroform, carbon tetrachloride, 
ethylene chloride or benzene ; or in brown soln. of ethyl alcohol, methyl alcohol, 
thymol, ethyl ether, methylal, or acetone. The values for the last three solvents 
were rather low, presumably because of the chemical action of solute on solvent. 
High values with benzene are attributed to the formation of a solid soln. of solvent 
and solid. Confirmatory results were found by J. Hertz with naphthalene, and by 
E. Beckmann and P. Wantig with pyridine. The results by I. von Ostromisslensky 
(o-nitrotoluene), by G. Kriiss and E. Thiele (glacial acetic acid), and by H. Gautier 
and G. Oharpv indicate polymerization, but they are not considered to be reliable. 

In view of the fact that the mol. wt. of iodine in both brown and violet soln. is 
the same, E. Beckmann assumes that there is a partial combination of iodine with 
the solvent, S, forming a compound, say SI 2 . Under any particular set of conditions 
there is a balanced reaction : SI 2 ^S+I 2 . With violet soln. the amount of corn- 
bination is very much less than with brown soln. and the spectra approximate to 
that of iodine vapour. When the iodine soln. are heated the absorption band is 
displaced towards the red end of the spectrum approximating to that of iodine 
vapour ; the converse obtains when the soln. are cooled. The displacement of the 
absorption bands with temp, is explained by assuming that the additive compound, 
SI 2 , has a maximum absorption in the ultraviolet, and this is more or less affected 
by the absorption band due to free iodine. The spectra of some brown soln. become 
permanently altered on heating, showing that there is probably a considerable associa- 
tion between solvent and solute. Since the equilibrium is displaced in favour of an 
increase in the dissociation of the complex, SI 2 , with a rise of temp., the heat of 
formation of the complex is probably positive. This agrees with the observed effect 
of temp, on the heat of soln. and solubility of iodine in different solvents. The 
negative heat of soln. for all solvents except pyridine is less for brown than for 
violet soln. P. Wantig ha3 isolated a compound of pyridine, Py, with iodine of the 
formula, Pyl 2 . D. Macintosh (1910) found that by cooling alcohol or acetone soln. 
of iodine to —80° or -—90°, iodine itself and not an addition product separates out, 
and he argues that the negative heat of soln. of iodine in most solvents rather lends 
itself to the assumption that the addition compound should dissociate with a falling 
temp. The observed negative heat of soln., however, is a difference between the 
exothermal heat of formation of the complex, SI 2 , and the endothermal heat of 
soln. 

In support of the theory that in brown soln. a complex of 3olute and solvent is 
formed, F. Dolezalek 4 having shown that the partial press, of each form of a sub- 
stance in a soln. is proportional to the molecular proportion of it present in the 
mixture, P. Wantig found that boiling soln. of iodine in ether, carbon disulphide, 
carbon tetrachloride, chloroform, and benzene agree with the assumption that even 
at the b.p. there is a considerable amount of association between iodine and the 
solvents which form brown soln. With this hypothesis also before them, J. H. Hilde- 
brand and B. L. Glascock measured the depression of the f.p. of certain neutral 
solvents— bromoform and ethylene dibromide — produce by iodine and certain 
liquids separately and together. With mixtures which produce violet soln. the 
total depression of the mixture in the constituents are considered separately oi 
together ; with mixtures which produce brown soln. the total depression with the 
mixture is less than the sum of the separate depressions. This is taken as a proo: 
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that in brown soln. the solvent and solute are more or tens combined . 'll. M. Dawson 
compared the extrapolated value for the mol. vol. ol iodine liquid at 18° with the 
mol. vol. in nitrobenzene (violet) soln. with its value in ethyl alcohol (brown) soln. 
Other solvents were used. The mol. vol. inoreasos in the violot soln. and decreases 
in brown soln. This points to the formation of an addition compound of solvent 
and solute. U. Romiho found that for the same concentration of iodine with red 
(benzene) and brown (alcohol, or ether) soln. the increase in the viscosity is greater 
than with violet soln., pointing to the formation of larger molecules in the brown soln. 
A. Hantzsch and A. Vagt, and M. Landau found that the partition cooff. of iodine 
between two solvents which form violet or brown soln. remains constant, but with two 
solven 1 a which form violet and brown soln. respectively, the partition coed, of iodine 
between the violet soln. is raised with decreasing concentration. This cannot be 
caused by a polymerization of the iodine in the violet soln., and it is assumed that 
it is due to an impoverishment of the solvent in the "brown soln. ; a rise of temp, 
diminishes the effect owing to the assumed dissociation of the addition compound. 
H Gautier and G. Charpy 6 found that the chemical behaviour of brown soln. towards 
lead amalgam is different from violet ones in that brown soln. form yellow lead 
iodide before any green mercurous iodide is formed, while violot soln. form green 
mercurous iodide. It is said that brown soln. first form mercuric iodide which 
passes into soln. ; this is reduced by the lead forming lead and mercurous iodides, 
the latter is reconverted into mercuric iodide, and so on until the lead is all converted 
into the yellow iodide. If no lead is present the mercuric iodido is reduced to the 
green mercurous salt by the excess of mercury. With violot soln. green mercurous 
iodide is supposed to be formed at once. Hence, “violet soln. of iodine contain 
the element in a more simple molecular condition with a tendency to form mercurous 
iodide at once.” According to L. Carcano, violet soln. do not attack the skin so 
quickly as the brown ones. 


According to A. Beer’s law B the absorption of light in passing through u layor of fluid 
aSST 83 r reaS ^ ui geMnetrioal serieB when the concentration inemwes in nrith- 
Vier £l dtS rul , e ’ the coeff ‘ of absorption, a. is proportional 
Sate of 7 * V? 1, T v he8e rules are appUcablo provided tl!o molecular 

dSSL f f h ^1- nc L fc a * tered h J a change in tho concentration-say by ionization, or 

to?oln ° r “5*2^ f0Und that noitho ' r ««« applicable 

to soln. of iodine, and it is assumed that the solute is partly ionized. * ‘ 

?*, blown soln. of iodine oontain ultra-microscopic par- 

ticles, while the violet soln. contain none. The violet-red soln. in benzene toluene 
and xylene are photosensitive in that clouds of ultramicroscopic particles arc. formed 
SaSdSe^ 8 ° ^ brown - Tko soln - to their original 

60 n> are tlUe SOln ‘ CitllCr 0f fmi or 

of a no W 5 and m °, tkeI T cases tke y contain friiC colloidal iodine or 
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§ 16. Binary Compounds o! the Halogens with One Another 

Fluorine and chlorine form neither compounds nor mixed crystals, although there 
may be a eutectio. H. Moissan could detect no signs of a reaction when fluorine gas 
was led into an atm. of chlorine gas. The two liquids are miscible. Several fluo- 
chlorides are known. Fluorine, however, does unite vigorously with bromine and 
iodine, forming BrF 8 and IF 5 respectively. Chlorine and bromine form mixed 
crystals but no compound ; bromine and iodine form mixed crystals and a com- 
pound IBr ; while chlorine and iodine form two compounds — IC1 and IC1 8 — in 
which the iodine appears to function as a metal. Iodine thus combines with all the 
halogens ; bromine does not combine with chlorine, but it combines with both iodine 
and fluorine ; chlorine combines with iodine alone ; and fluorine with both bromine 
and iodine, but not with chlorine. When the four halogens are taken in pairs in 
the order of their at. wt., the chemical affinity between fluorine and chlorine is least 
and that between bromine and iodine is greatest. The known binary inter-halogen 


compounds axe; 

Fluorine. 

Chlorine. 

Bromine. 

Chlorine . 

. No action 

i — 

Mixed crystals 

Bromine . . 

. BrP s 

Mixed crystals 

— 

Iodine . . . 

. IF, 

IC1 ; ICl a 

IBr 


Fluorine and bromine. — While no sensible reaction between fluorine and chlorine 
has been observed, H. Moissan 1 found that fluorine unites violently with cold bromine 
vapour, and the reaction is attended by uneflamme eclair ante, but with the evolution 
of little heat. P. Lebeau found that no flame is produced if dry liquid bromine 
is employed, and he showed that the product of the reaction is bromine trifluoride, 
BF S , a result almost simultaneously established by E. B. R. Prideaux. No reaction 
— solvent or chemical — occurs between liquid fluorine and solid bromine, and the 
fluorine can be distilled from the latter without any sign of interaction. There is 
no indication of the formation of a lower bromide, say, BrF ; and attempts to 
prepare a higher fluoride, say BrF 4 , by passing a large excess of fluorine over the 
trifluoride, were fruitless. Bromine txifluoride was also made by the action of 
fluorine on potassium bromide : KBr+2F 2 =KF+BrF 8 . 

Bromine trifluoride is a colourless liquid with a smaller sp. gr. than bromine ; 
it freezes to a crystalline mass melting at —2° (E. B. R. Prideaux), or at 4° to 5° 
(P. Lebeau), and boils between 130° and 140° — the exact temp, was not deter- 
mined because the vapour attacked the thermometer. The liquid fumes strongly 
in air, and acquires an orange-yellow colour, The vapour is very irritating and 
corrosive. The reactivity of the trifluoride recalls that of fluorine itself. It reacts 
violently with water, giving off oxygen, and forming a mixture of hypobromous 
hydrofluoric, and bromic acids ; and an analogous reaction occurs with soln. of the 
alkali carbonates. These reactions are taken as evidence that bromine is the 
electropositive and fluorine the electronegative component in the compound. Ever 
at —10° the solid trifluoride reacts incandescently with iodine to form iodine penta 
fluoride, IF 6 , similarly with bromine ; with sulphur, to form sulphur bromide ; anc 
with red phosphorus, arsenic, antimony, boron, and silicon. It reacts with warn 
vol. n. i 
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carton ; and attaoks most metals and tleir compounds. It behaves like fluorine 
towards organic compounds. 


In 1844 H. B. Lessen * claimed to have made a bromine fluoride by leading fluorine into 
bromine, but fluorine was not unequivocally isolated until 1886, and therefore this claim does 
not hold good ; some other products must have been formed. The same , remark applies to 
M. AubrSe. M. Millet, and M. Leborgne’s claim to the use of bromine chlondo in photographic 


Fluorine and iodine. — 'According to H. Moissan, 3 when a current of fluorine is 
directed on to a fragment of dry iodine, the iodine burnB witli a pale flame ; there is 
a large evolution of heat. Iodine liquefies almost immediately the fluorine begins 
its attack, forming a homogeneous dark liquid which on further action forms an 
upper colourless and a lower dark layer. Under suitable conditions, the product of 
the action can be condensed to a dense colourless, fuming liquid which resembles the 
iodine pentafluoride, first prepared by G. Gore in 1875 by the action of iodine on silver 
fluoride in a platinum vessel : 5AgF+3I 2 ->IF 6 -|-5AgI. The same compound is 
formed by the action of fluorine on hydrogen iodide : HI +3F 2 —=>lF r> 4-HF. Liquid 
fluorine exerts no chemical or solvent action on iodine, and the liquid can bo distilled 
from the Bolid without any sensible change. If a tube of liquid fluorine and iodine 
be sealed off, and removed from the cooling agent, the layer of fluorine near the 
iodine acquires a dark colour, the iodine liquefies, an energetic action sets in, and 
white fumes are projected some way up the tube, and finally a pale green flame ap- 
pears for a few seconds. An analysis of the liquid by E . B. B. Pridcaux corresponded 
with the formula IF 6 . Fruitless attempts were made to prepare a higher fluoride. 

The sp. gr. of the liquid pentafluoride approximates to 3*5 ; it boils at S>7° without 
decomposition, but it dissociates between 400° and 500° ; the liquid freezes at —8° 
to a white solid with a smell resembling that of camphor ; the fumes from the liquid 
affect the respiratory organs. The liquid dissolves iodine and bromine forming 
brown-coloured soln. Iodine pentafluoride is very reactive although it is the most 
stable of the halogen fluorides. It reacts with water with Ic Immanent, of red-hot 
iron forming iodic and hydrofluoric acids: 2IF 5 +5H 2 0 ~I 2 Oe-|- 1 ( >J IF. An 
analogous reaction occurs with alkaline soln., when the alkali iodate and fluoride 
are formed. The liquid can be distilled in hydrogen without chemical change ; 
oxygen has no action at 100° ; chlorine reacts in the cold, forming iodine chloride ; 
bromine produces bromine trifluoride, and iodine bromide, IBr ; phosphorus reacts 
vigorously, forming phosphorus pentafluoride, PF 5 , and iodine ; arsenic and anti- 
mony act like phosphorus ; with sulphur it forms sulphur hexafluoride, SF<*, and free 
iodine; carbon reacts energetically forming carbon tetrafluorido, CK4, and iodine ; 
crystalline silicon is not attacked in the cold, but on warming, the reaction resembles 
that with carbon ; boron acts similarly. The alkali metals at first react energetically 
with the liquid, hut the reaction soon comes to a standstill owing to the formation 
of a protective layer of iodide and fluoride ; the molten metals react with explosive 
violence. Silver, mercury, iron, and magnesium are not attacked at 100°, platinum 
is attacked at a red heat. Silica is attacked Blowly in the cold, rapidly wlion heated ; 
dry glass is attacked with but little vigour ; and the silicon alloys — e.g. ferrosilicon 
—are rapidly attacked when warmed. Potassium hydride, TTTT reacts energetically 
producing a violet vapour of iodine and hydrogen iodide, and solid potassium iodide 
and fluoride. Calcium carbide does not react at ordinary temp . , but it docs ffo when 
warmed. Calcium carbonate and phosphate do not react with the pentafluoride. 
The liquid sinks in cone, sulphuric acid and is slowly decomposed ; it mivoa in ali 
proportions with nitric acid and is likewise slowly decomposed — hydrofluoric acid 
is formed in both cases. It reacts vigorously with hydrochloric add. Carbon 
disulphide dissolves the liquid forming a dark violet soln. ; turpentine is energetically 
decomposed; benzene at first dissolves the liquid, but a vigorous reaction soon 
starts. 

Chlorine and bromine.— In 1826 A. J. Balard * believed that he had formed a 
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compound of these two elements as a stiongly refracting yellowish-red liquid, by 
passing chlorine into bromine, and condensing the vapour in a freezing mixture. 
C. Lowig and C. F. Schonbein (1863) confirmed these observations, and the former 
also claimed to have made a ohlorobromine hydrate, BrC1.5H 2 0. W. Bornemann 
(1877) further investigated the subject, and said that the ohlorobromine is formed 
only at temp, below 0°, and that the alleged hydrate is probably a mixture of the 
hydrates of chlorine and bromine. According to J. Krutwig, chlorine acts on silver 
bromate, AgBr0 3 , at 50° forming silver chloride, oxygen, and chlorine monobromide. 
F. Donny and J. Mareska (1845) believed that the two elements united chemically 
at —90° ; and V. Thomas and P. Dupois (1906) not only claimed that bromine 
monochloride , BrCl, is formed by the action of liquid chlorine on bro m i n e, but they 
state that bromine trichloride, BrCl 3 , is formed as a red solid by the action of liquid 
chlorine on bromine monochloride. L. W. Andrews and H. A. Carlton (1907) 
determined the sp. gr. of mixtures of liquid chlorine and bromine, and concluded that 
because there is a small contraction “ chemical combination probably occurs to a 
limited extent between these two elements.” 

In 1882, M. Berthelot expressed doubts about the alleged formation of com- 
pounds of these two halogens because of the small heat developed during their 
supposed union : Bru a .+Cli J0 =BrCl 1 i a .+0‘7 cal. The work of P. Lebeau (1906) 5 
and B. J. Karsten (1907) has shown that M. Berthelot’s suspicion was well-founded. 



Fig. 23. — Boiling Point Curves of Mix- 
tures of Chlorine and Bromine. 



Fig. 24. — Roiling Point Curves of Mix- 
tures of Chlorine and Iodine. 


The reports of the formation of compounds of chlorine and bromine, and the descrip- 
tion of the properties of these compounds are to be blue-pencilled ; in all cases the 
products under investigation were no doubt mixed crystals of the two elements. 
The f.p. and the b.p. curves show no signs of the formation of a chemical compound, 
but the evidence points to the formation of a continuous series of mixed crystals 
of the two elements. The liquidus and solidus curves, as in H. W. B. Roozeboom’s 
Type I (Fig. 6 — 1. 10, 2), fall regularly from the m.p. of bromine to that of chlorine, 
and from about 20 to 90 per cent, of chlorine the two curves are from 10° to 14° apart, 
being respectively convex and concave to the horizontal axis ; but there is no sign 
of a maximum. The results show that the composition of the crystals is dependent 
on the temp. The fact that analyses of the supposed compound furnished numbers 
in agreement with BrCl was a consequence of the solubility of chlorine in bromine. 
Fig. 23 shows the composition of the vapour and that of the liquid with which it is 
in equilibrium at the b.p. with mixtures containing varying proportions of the two 
elements. There is no sign of an approximation of the two curves at intermediate 
points such as would occur if chemical combination occurred, and such as actually 
occurs with the corresponding curves for chlorine and iodine, -Fig. 24, where the 
curves approach, and almost touch one another at a point where the two com- 
ponents are present in equi-atomic proportions, 101. In the latter case, therefore, 
it is inferred that the compound 101 exists in the vapour phase, and is only slightly 



116 INORGANIC AND THEORETICAL CHEMT8TRY 

dissociated at 100°, the b.p. of the particular mixture in question. While the evidence 
from physical chemistry thus gives no support to the existence of a brommo chloride, 
M. Del6pine and L. Ville believe that such a compound does exist because a soln. 
of chlorine in bromine reacts with ethylene forming chlorobromoethane. 

rrhT nrrnfl and inr|infl r — In the course of his historic research on iodine, J. L. Gay 
Lussao (1814) 6 prepared a compound of iodine and chlorine by the action of chlorine 
gas on iodine — the gas was absorbed by the solid forming a reddish-brown liquid 
which is so remarkably like bromine, that before that element had been recognized 
as a distinct ch emi cal individual by A. J. Balard, J. von Liebig mistook bromine 
for iodine chloride. If the chlorine be in excess, citron-yellow needle-like crystals 
are formed. The liquid product is iodine monochloride ; the crystalline solid is 
iodine trichloride. H. Davy called the product formed by the action, of iodine on 
chlorine, cklorionic acid, and he regarded it as a compound consisting of “ one 
proportion of iodine and one of chlorine 95 — i.e. iodine monochloride. 

W. Stortenbeker’s 7 investigation on the f .p. curve, Eig. 25, loft no doubt as to the 
existence of these two iodine chlorides. The f.p. curve shows two maxima, one at 
27 '2° corresponding with the so-called iodine a-monochloride, and the other at 101 u 
corresponding with iodine trichloride ; the corresponding eutectics arc at 7'U° and 
0 22‘7°. In 1854, J. Trapp showed that there are 

two modifications of the monochloride which 
W. Stortenbeker respectively distinguished as the 
a- and j8-foims. The a-modification is formed if 
the fused mass is rapidly cooled when it forms 
ruby-red, transparent, needle-like crystals belonging 
to the cubic Bystem. The sp. gr. is 3'18223 (0°) 
and 3 12988 (18°) according to T. E. Thorpe. The 
iodine /3-monochloride is formed when the under- 
cooled liquid is slowly cooled by a freezing mixture 
to —10°. The crystals are brownish-red, six-sided 
rhombic plates resembling solid iodine ; they melt 
at 13 - 9° or more exactly 13'92°. The a-ibrm is the 
stable variety. Both forms when melted furnish 
Fig. 25.— Freezing °Point Curve ^ sa me liquid ; and the m.p. of each variety is 
of Iodine and Chlorine. lowered if either iodine or chlorine bo in excess as 
indicated in the diagram. The /3-crystals are more 
stable in the presence of an excess of iodine, and less stable in the presence of an 
excess of chlorine. The existence of iodine morrochloxide in freezing soln. has also 
been established by the experimental results gTaphed in Eig. 25. 

, H ' hammerer 8 described what he considered to be iodine, tctrcu'hlorirfe, 

put J. B. Haimay could not confirm the report. Iodine pentacMoride, 101 6 , analogous with 
iodine pentafluonde, IF S , has not been isolated. This compound may bo formed W tho 
been^o^S ChlOEme iodine; if so,it is 60 stable at ordinary press, that, it has not 
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The preparation of iodine monochloride. — Iodine monochloride can be made 
by passing dry chlorine over dry iodine confined in a retort until the solid lias 
completely liquefied ; or, as recommended by W. Bornemann,° until crystals of 
10 T? e 5 10 ^v de apP ^' Th ® is then distilled ; a reddish-brown fluid is 

obtained wluoh, according to P. Schiitzenberger, should be rectified by distillation 
a o° u ple of tames between 100” and 102”. The analysis approximates to iodine 
' A -, BuDS<m ! 185a > obtained the same compound by boiling 

et^a^ap-ZglX X **** “ toctin S witl * 
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l *41) to provide sufficient chlorine to convert all the iodine into its chloride. The mixture 
is continuously stirred on a water bath at about 40°, the colour changes from brown to pale- 
yellow when the reaction begins ; the iodine then dissolves and the soln. becomes orange- 
coloured — no chlorine escapes under these conditions. The water in the bath is then boiled 
to expel the nitrosyl chloride. With the excess of hydrochloric acid used, the soln. of iodine 
chloride is stable and does not decompose on boiling. 

G. S. Serullas recommended passing chlorine through tincture of, iodine, but there is 
then a complication due to the action of the gas on the alcohol. Iodine monochloride 
is formed by the action of hypochlorous acid or of sulphuryl chloride, S0 2 C1 2 , on 
iodine (0. Ruff), or, according to A. Tohl, on iodobenzene, ^-iodotoluene, and 
analogous aromatic iodides — a trace of water may be required to start the reaction. 
These reactions are not recommended as processes for preparing the compound. 
According to 0. Ruff, the sulphuryl chloride does not act on iodine alone, but in 
the presence of aluminium chloride or iodide, iodine monochloride iB formed if the 
sulphuryl chloride be not in excess : S0 2 Cl 2 -fI 2 =2ICl+S02 ; if the sulphuryl 
chloride be in excess, some iodine trichloride is also formed. According to R. Bunsen, 
nitrogen iodide dissolves in hydrochloric acid without developing a gas, and the 
liquid contains iodine monochloride. 

In general, A. Skrabel and F. Buchta 10 have shown that iodine monochloride is 
alone produced when iodine or an iodide is treated with a strong oxidizing agent — 
iodic acid, chloric acid, chlorine, hypochlorites, permanganates, etc. — in the presence 
of cone, hydrochloric acid. It is supposed that hypoiodous acid, I.OH, is first formed, 
and subsequently transformed to iodine monochloride by the acid. Thus, C. Roberts 
recommended reducing iodic acid by potassium iodide in the presence of cone. 

tion of iodine monochloride. J. J. Berzelius’ process is one of the most convenient 
modes of preparing iodine monochloride, namely, by heating an intimate mixture 
of iodine and potassium chlorate ; P. Schutzenberger recommended four parts by 
weight of chlorate to one of iodine. The reaction is symbolized : 2KC10 s -l-l2 
=2 KIO s +C 1 2 . The chlorine so formed unites with the excess of iodine to form the 
monochloride. According to T. E. Thorpe and G. H. Perry, potassium chloride, 
potassium perchlorate, and iodine pentoxide are formed only when the mixture is 
heated to too high a temp. T. E. Thorpe recommends purifying the product by 
distilling it from powdered potassium chlorate. 

The properties o£ iodine monochloride. — As just indicated the hyacinth-red or 
ruby-red solid exists in two forms ; as indicated above, W. Stortenbeker 11 found that 
the a- variety has a m.p. of 27 , 2° or 27‘165° (G. Oddo), and the /3-variety, 13’9° or 
13 , 92° (G.. Oddo). The older determinations by J. Trapp, J. B. Hannay, and 
P. Schutzenberger are inaccurate on account of the use of impure specimens. The 
b.p. of the molten iodine monochloride has not been yet determined very precisely. 
Determinations by T. E. Thorpe, G. Oddo and E. Serra, and J. B. Hannay 
varied from 100° to 102° ; W. Stortenbeker interpolates from his vap. press, 
measurements 94=-7°, and B. J. Karsten finds 97 A 0 . Possibly the higher boiling 
product contains some iodine in soln. owing to the decomposition : 3lCl->I a +ICl8, 
observed by R.Kane and W.Bomemann, and the sublimation of the trichloride, which 
leaves the molten liquid richer in iodine. The dissociation of the molten monochloride 
can be but small since W. Stortenbeker found at 30°, 51 ’1, and at 80°, 52 '1 atomic 
per cent, of chlorine; even at the b.p., the dissociation is but small, as is evident from 
B. J. Karsten’s diagram. Fig. 25. As the composition of the liquid phase deviates 
from the proportion 01 : 1=1 : 1, so does chlorine tend to accumulate in the vapoui 
phase, and only when the composition IC1 is approached do both phases have the 
same composition. The lower end of the boiling curve corresponds with the 
separation of IC1 8 from the molten liquid. The vap. press, of iodine monochloride 
at its m.p. 27*2° is 39 mm. The brownish-red ooloui of the vapoui indicates thai 
iodine monochloride is stable ; the absorption spectrum of a 30 c.m. layer of vaporn 
at 40°, and 30 mm. press., was found by D. Gernez to be different from that $ 



118 


INORGANIC AND THEORETICAL CHEMISTRY 


chlorine and that of bromine, chiefly in virtue of its possessing fine lines in the green. 
H E.Roscoe and T. E. Thorpe drew attention to the resemblance of the spectrum 
of iodine monochlori.de to that of bromine. 

W. Stortenbeker found the heat .of the transformation to be lCl^^lCL-j-203 
cals., or, according to S. Tanatar, 273 cals. ' The heat of fusion of the a-fonn is 
—16*42 c$ls. per gram or —2658 cals. (—2320 cals, according to S. Tanatar) per 
mol. ; and for the j3-form, —14 cals, per grm., or —2267 cals, por mol. W. Storten- 
beker also found the sp. ht. of the o-foxm to be 0‘083 between — 33*5° and 15° ; for 
the j8-form, 0*085 between —10° and 0° ; and 0*158 for the liquid between 15° and 
77°. K. Strecker found the ratio of the two sp. ht. to be y=l*3l7 ; and C,,~ 0*0512 ; 
Co=0*0389. The ap.ht. of both the a- and jS-forms are nearly alike, and hence the 
heat of transformation is nearly independent of temp. The heat of formation, 
according to J. Thomsen, IsoM+Clgaa— Id]iq U ki+5'8 Cals., and according to 
B, Berthelot, for I 3 o,Ld+Cl ? a3=ICL 0 ii(i+6 8 cals. No difference can be detected 
in the nature of the brownish-red oily liquid, iodine monochloride, derived from the 
a- and ^-solids. S. Tanatar found the sp. gr., and K. Beck the viscosities, to be the 
same, and the heat of resolidification to the a-form are the same. Iodine inonochloride 
is misoible with iodine or bromine in all proportions. The sp. gr. of the a-solirl is 
3*18223 at 0°, 3*1288 at 17*93° — J. B. Hannay’s values are a little higher ; the 
sp. gr. of the liquid is : 

16° 80“ 46° • 60° 72" 80" 05° 10 1 , 3 U 

Sp. gr. . . 3*2856 3*180 3*132 3*084 3*032 2*088 2*0(il 2*882 


T. E. Thorpe’s formula for the specific volume v at the temp. 9 is u=.J 4-0’0(K)9ir>8W;fl 
+OOOOOOO83296d 2 +O*OOOOOOOO275O0 s . The vapour density is that theoretically 
required for IC1 ; with oxygen 32, the value for 101 is 162*38 ; at 120”, the vapour 
density is 160*6, and at 512°. 156*4. Conclusions as to the degree of dissociation at 
different temp, cannot be derived from the vapour density determinations since it 
proceeds without changing the number of molecules— 2IC1-»L+C1 2 . Iodine tri- 
chloride vapour is almost completely dissociated into the monochlorido and chlorine. 
K. Beck’s value for the viscosity is 7*029 at 15°, 5*069 at 28*4°— benzene at 5° unity. 

Unlike iodine, the monochloride does not blue starch, but it bleaches indigo 
and litmus soln. When molten i$ can dissolve much iodine. Iodine monochlorido 
dissolves in carbon tetrachloride and in liquid sulphur dioxide, forming rod soln. ; 
arsenic trichloride forms a reddish-brown soln. The mol. wt. 12 of the a-form of iodine 
monochloride in phosphoryl chloride determined by the cryoscopie method, corns* 
sponds with the formula Id. . The b.p. of carbon tetrachloride is lowered by iodine 
trichloride owing to the fact that the solute sublimes between 70° and 75°. The b.p, 
of ^carbon tetrachloride is also lowered by iodine monochloride; G. Oddo and 
Ji. berra attribute this to dissociation in accord with the equation9lCl~>LH-L-|-.*Jl(’L 
and the eSect of the trichloride in lowering the b.p. masks the rise due to the iodine! 

aeetic acid by iodine monochlol!de ia 

a StaU9 m it forms » yellow 

these two consecutive reactions is symbolized : 51C1+3H»0=2I.4-5HCI+Hl6. an 
Se U loZa&° h that employed by J. L. Gay Lnssae to 18M to rop^ent 

“ ld Wten . iodi “ monooill “ria« is deoomyosnd 

sold is dilated, the oomponnd is progressively hydrolyzed. Aq. soln. of the alkali 



THE HALOGENS 


119 


hydroxides behave in a somewhat similar manner to water furnishing the alkali 
chloride and iodate, and free iodine ; the latter may react with the excess of alkali 
lye forming a mixture of iodide and iodate. If the alkali be not in excess, H. Griine- 
berg found some alkali chlorate is formed. According to K. J. P. Orton and W. L. 
Blackman, an alkali hypoiodite can be detected for a short time in the soln. obtained 
by treating iodine monochloride with a soln. of an alkali carbonate, or lime — or 
baryta- water. With ammonia, A. Mitscherlich and R. Bunsen found that ammonium 
chloride and nitrogen iodide are formed. 

The salts of the oxyehlorine acids are decomposed by iodine monochloride, 
forming iodates and free chlorine ; thus at ordinary temp, the hypochlorites are 
rapidly decomposed: 3KOC1 +IC]->KI0 3 +2KCl-(-Cl2 ) and the chlorates slowly: 
KC10 3 4-ICl->KI0 3 -j- Cl 2 • Consequently, both iodine, and iodine as the mono- 
chloride, displace the chlorine from the oxyehlorine acids. The reverse is the case 
with the halide salts. Iodine monochloride behaves towards mercury, al uminium , 
phosphorus, arsenic, antimony, bismuth, tin, etc., very much like free chlorine 
forming the metal chloride, some iodide, and free iodine. Aluminium foil is not 
attacked very much at first, but it afterwards burns with a bluish-white flame. 
Copper foil acts very slowly, but the powdered metal reacts quickly. Potassium 
explodes in contact with iodine monochloride, but the action with sodium is very 
slow. Sulphur reacts slowly forming free iodine and sulphur chloride, selenium 
acts more quickly, and tellurium more quickly still. Hydrogen sulphide and sulphur 
dioxide are decomposed with the separation of iodine, and iodine reacts with the 
excess of sulphur dioxide. 14 A sat. soln. in carbon disulphide gives off white fumes, 
and on the addition of water, an oily mixture of carbon disulphide, carbon tetra- 
chloride, sulphur chloride, and carbon thiochloride is precipitated. Metal oxides — 
e.g. lead dioxide, cupric oxide, mercuric oxide, etc. — form metal chlorides and 
iodides, free iodine, and oxygen. With galena, iodine monochloride forms lead 
iodide and sulphur chloride. Mercuric chloride precipitates mercuric iodide from 
cone. soln. of iodine monoohloride and iodine trichloride remains in soln. A little 
stannous chloride, SnCl 2 , precipitates iodine and forms stannic chloride, SnCl*, but 
with more stannous chloride, stannous iodide, Snl 2 , is formed. 

M. Faraday 16 found that liquid iodine chloride can be electrolyzed, the iodine 
collecting at the cathode, the chlorine at the anode. According to the ionic hypo- 
thesis, this means that iodine chloride is partially ionized, IGl=I*-j-01', that is, 
iodine monochloride is a compound of the cation, 1% with the anion, Cl'. This also 
corresponds with the chemical behaviour of this compound, and with 0. Walden’s 
experiments on the electrical conductivity of soln. of iodine monoohloride in in- 
organic solvents — liquid sulphur dioxide, arsenic trichloride, and sulphuryl chloride. 
L. W. Andrews 16 assumed that iodine monoohloride is the chlorine derivative of 
hypoiodous acid, HOI ; A. Skrabel and P. Buchta consider it best to regard the 
hydroxyl derivative HO.I as a base. Iodine monoohloride forms an addition 
compound with hydrogen chloride, IC1.HC1, as found by P. Schutzenberger, 17 in 
which the stability appears to be greatly increased. P. Schiitzenberger’s compound 
may be regarded as a complex acid, HICI 2 , with the ions H' and IC1 2 ' ; and the 
polyhaloids of H. L. Wells and S. L. Penfield, and A. Geuther as salts of this acid — 
e.g. the compound KC1.IC1 becomes KIC1 2 ; N(CH 3 ) 4 C1.IC1 becomes N(CH 8 ) 4 .IC1 2 ; 
etc. Phosphorus pentachloride with iodine monoohloride forms phosphorus tri- 
chloride and the compound PC1 2 I. 

Iodine trichloride. — This compound was discovered by J. L. Gay Lussac as the 
result of treating warm iodine or iodine monoohloride with an excess of chlorine. 
The trichloride collects as a citron-yellow crystalline sublimate on the cooler parts 
of the vessel. It is also formed by the action of liquid chlorine on iodine, or an 
iodide — say lead iodide 18 The iodine trichloride is almost insoluble in liquid 
chlorine, and hence, say V. Thomas and P. Dupuis, this method of preparation is 
very convenient. It is also formed by the action of dry chlorine on hydrogen 
iodide (A. Christomanos) ; silver iodate (J. Krutwig) ; or methyl iodide (L. von 
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hydrogen chloride on iodic acid (G. S. Serullas) ; of 
iodine pentoxide (0. Brenkn) ; of iodine on sulphury] 
: 3S0 2 Cl 2 +I 2 =2ICl s +3S0 2 ; and by heating iodine 

monochloride. 

To prepare iodine trichloride, heat 20 grms. of iodine in a retort, A, Pig. 20, which de- 
livers into a glass balloon B filled with chlorine, and connected with a Kipp’s apparatus O 
delivering chlorine. The chlorine is rapidly absorbed as soon as it comos in contact with 
the vapour of iodine, and Teddish-yeUow' crystals of iodine trichloride aro formed on the 
walls of the balloon. The excess of chlorine is finally expelled by a stream of carbon 
dioxide. If the crystals are desired, the balloon must be broken ; if a solrt. of iodine 
trichloride is desired, the crystals can be dissolved in about ton times their weight of water. 


Ilosvay) ; by the action of 
phosphorus pentachloxide on 
chloride in excess (0. Ruff) 


Iodine trichloride forms long citron-yellow needles, and also large reddish- brown 
rhombic plates. The sp. gr. at 15° is 3117 (A. Christo manos). This compound 
melts in a sealed tube under the press, of its own vapour at 101° and 1 (> atm. press, 
forming a reddish-brown liquid which freezes to crystals of the samo colour. The 
citron-yellow crystals are obtained by sublimation. The differences in colour 
and appearance led W. Stortenbeker to say that the trichloride is dimorphous. The 
crystals readily decompose in air, but they can be preserved unchanged in an atm, 
of chlorine, and A. ChxiBtomanos states that the 
compound is so volatile that it sublimes at — 12“ 
in an atm. of carbon monoxide or dioxide, and at 
0° in an atm. of oxygen. According to P. G. 
Melikoff,' the vapour of iodine trichloride is 
almost completely dissociated into the. mono- 
chloride and free ohlorine at about 77 u and atm. 
press. The f.p. curve is indicated in Fig. 135, 
and the b.p. curve in Fig. 24. The heat oi 

formation IsOlld+SClgftB IClgKolld-l-liHS) Cals, 

(J. Thomsen), or -j-16‘3 Cals. (M. Rorthelot.) ; 
or ICW+2Cl gaa =ICl B „i 1( ,4-ir>-()0 Cals. (J.Thom- 
sen), or +9 - 5 Cals. (M. Berth clot). 10 

At ordinary temp, hydrogen has no act, ion on 
iodine trichloride, but when warmed, it forms the 
monochloride and hydrogen chloride: ir a +I('l.; 
=IC1+2HC1 ; and at a still higher temp., hydro- 
gen iodide and chloride are formed. The tri- 
chloride behaves towards potassium, phosphorus, and the oxychlorine acids in an 
analogous manner to the monochloride. According to H. Basset and E. Fielding, 
chlorine monoxide — gaseous or dissolved in carbon tetrachloride — furnishes iodine 
pentoxide and free chlorine: 2IC_1 3 +5C1 2 0=I 2 0 6 +8C1 2 ; it docs not acton iodic 
acid or on iodine pentoxide. Iodine trichloride dissolves in benzene, carbon tetra- 
chloride, nitrobenzene, liquid sulphur dioxide, etc., and the two last-named soln 
conduct electricity. 20 Iodine trichloride dissolves in alcohol and other, but slowlv 
decomposes these liquids; and with carbon disulphide, said J. B. Hanna v, ii 
reacts : 4CS 2 +6ICl3=2CCl 4 +2CSCl 2 +3S 2 Cl 2 +3I 2 . 

^ke trichloride is less soluble in water than the monochloride, and it forms a 
dark yellow, strongly acid liquid which fumes slightly in air. Water furnisho 
BimOaT products to those obtained with the monocHoride. According to A. Kl< rube 
i 1 ; aotioa of i* to hydrolyre the compound : 101,4 H..C 

wirTi “ ■ Daore g® ner ally supposed that the first action of water is tc 

SfSi n ta t oM ? nde: . ICls+SHsO^HsIOs+SHOl; the iodic acid. iy(>, 
TSSS+ +? “to iodic and hypoiodous acids : 2H 3 I0 3 =H01+H10 : 
+2H 2 0. and the hypoiodous amd reacts with the hydrochloric acid formed in the firs! 
stage of the reaction: H0I+HCl=ICI4-H a 0. According to P. Schiitambcrgor 
the reaction progresses: 2IC1 S +3H 2 0=5HC14-IC1+HI0 8 and the hydrolyste ii 
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complete ii 10 to 20 mols. of water are used for each. mole, of the trichloride ; if less 
water is used, some trichloride remains in soln. nndecomposed. In consequence of 
the hydrolysis, the aq. soln. is stable only in the presence of muoh hydrochloric acid 
—possibly a complex IC1 S .HC1 is likewise formed. The action of soln. of alkali 
hydroxides follows similar lines — chlorides, chlorates, iodides, iodates, and free 
iodine are formed as with the monochloride. If the alkali be not in excess, the 
reaction is represented: BICl 8 -kl8K0H-»3KIO3+l2+15KCl+9H 2 O. There are 
some side reactions furnishing hypochlorites and chlorates, and, according to 
J. Philipp, perchlorates, corresponding with the tendency of the trichloride to lose 
free chlorine : IC1 S =IC1+C1 2 . In alcoholic solution, potassium hydroxide forms 
with the trichloride, potassium iodide, iodate, chloride, and iodoform. According 
to A. Christomanos, ammonia in excess forms nitrogen iodide, and ammonium iodide 
and chloride. Sulphuric acid precipitates from aq. or hydrochloric acid soln. of the 
trichloride a white precipitate which soon changes to a yellow colour, and which has 
some analogies withP. Chretien’s iodosulphate, 21 ^OsSOs-^H^O ; it dissolves when 
the mixture is heated but separates out on cooling ; nitric acid precipitates iodine 
with the evolution of chlorine. ' 

Silver foil is transformed by an aq. soln. of the trichloride into silver chloride and 
iodide ; silver oxide with an excess of the trichloride is transformed into the chloride 
and iodic acid ; with more silver oxide, silver iodate is formed ; and with an excess 
of the oxide and a boiling soln. some silver periodate is formed. Mercuric oxide is 
slowly transformed into mercuric chloride and oxide ; chlorine, oxygen, and possibly 
chlorine monoxide are evolved. Aq. soln. of the trichloride give a precipitate 
of iodine with a little stannous chloride ; with more stannous ohloride, some stannous 
iodide is formed. Consequently, although chloroform extracts no iodine from the 
aq. soln., it will do so after the addition of stannous ohloride. Sulphur dioxide and 
ferrous sulphate are oxidized. 

Iodine trichloride resembles the monochloride in forming a series of addition 
products ; these can be regarded as derivatives of the acid IClg.HCl, that is HIC1 4 . 
E. Pilhol 22 made a series of these salts of the type IClgR'Cl — where R stands for Cs, 
Rb, K, Ha, Li, NH 4 , I^CHsh — by leading chlorine into an aq. soln. of the iodide ; 
or by adding iodine to an aq. soln. of the chloride. The salts crystallize readily, 
without water of crystallization, excepting that the sodium salt has two and the 
lithium salt four molecules of water of crystallization. A. Werner likens them to the 
salts of ohloroauric acid : 



Pentatolldes. CMoroaurates. 


R. F. Weinland and F. Schlegelmiloh also obtained a series of salts of the general 
formula 2iCl8.RCl2.8H2O, mostly in needle-like crystals — when R represents cobalt 
the crystals are dark orange-red ; nickel, green ; manganese, orange-red ; zinc, 
golden yellow ; beryllium, yellow ; magnesium, yellow ; and calcium or strontium, 
yellow. Salts with R=Ba, Cd, Cu, Hg, Pb were not obtained. The salts are not very 
stable ; they decompose in a desiccator in a few days owing to the volatilization 
of iodine trichloride and water. They decompose rapidly when heated. In another 
series of salts of the type IC1 8 .RC1 .wH 2 0, where R represents univalent K, NH*, 
Rb, Cs, Na, Li, and N(CH 3 ) 4 , A. Werner says that “ since iodine can be extracted 
from the salts by carbon tetrachloride, these salts must be addition products ol 
RC1 and ICI3.” The argument is not sound if it be intended to prove that these 

K ’ ts are molecular compounds as distinct from compounds of the for mule 
, because it could be argued that they are decomposed by this solvent 
R(ICl4)^ICl 3 +R01. Several other poly halides of this kind have been reported, 21 
P. Jaillard described a compound SClg.SIClg; and R. Weber, SCI4.ICI3. 0. Ruf 
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and G. Fischer obtained golden yellow crystals of SCl4.2ICI 8 by leading chlorine 
into a cold soln. of the trichloride in sulphur chloride. The compound easily 
decomposes. , , , , . 

E. Bec km ann and F. Junker obtained the value 233 for the mol. wt. of iodine 
trichloride when dissolved in phosgene — the theoretical value for 1C1 8 is 233*4. 

G. Oddo found the depression of the f.p. of soln. of the trichloride in phosphoryl 
oxychloride corresponded with a mol. wt. 134*21 to 173*42 ; the calculated value 
for the trichloride is IC1 S , and hence the trichloride must be dissociated or ionized 
— G. Oddo thinks ionized IC1 3 ^IC1 2 *+C1' ; in water the mol. wt. 42 0 to 40*2 also 
represents decomposition. P. Walden found the electrical conductivity measure- 
ments of soln. of the trichloride in liquid sulphur dioxide, arsenic trichloride, and 
snlphuiyl chloride corresponded with an ionization which increased with increased 
dilution. The temp, coeff. of the conductivity is negative ; with sulpliuryl chloride 
soln. a chemical change obscured the results. G. Oddo and E. Serra found the 
b.p. of carbon tetrachloride to be lowered, not raised, with iodine trichloride as 
solute. This was attributed to the volatilization of the trichloride at the b.p. of 
the solvent. The mol. wt. calculated from the depression of the f.p. of soln. in 
glacial acetic acid approximated with increasing dilution to 120, that is half the 
value required for IC1 3 ; this is attributed to the dissociation LGlg^lCl-j-OL, and 
possibly also ionization. P. Schfltzenberger 23 regarded the trichloride as a mole- 
cular compound of the mono- and penta-chlorides IC1.IC1 B ; J. Philipp supposed 
it to be a molecular compound of the monochloride and chlorine, LCl.CL ; G, Oddo, 
as a salt similar in constitution to (CeH 5 ) 2 =I— Cl, and 0 a If 5 — 1— 01 2 ; and 

H. Stanley as a compound of univalent iodine with tervalent chlorine : 


I-C1< 


‘Cl 


Iodine and bromine. — In his historic memoir on bromine, A. J. Balard (182G) 20 
said : 


Iodine appears to be capable of forming with bromine two different compounds. By 
taking iodine with a certain proportion of bromine, a solid iB produced, which, whon honied, 
furnishes reddish-brown vapours, which condense into small fem-liko crystals of the same 
colour. A further addition of bromine transforms these crystals into a liquid compound 
which has the appearance of hydriodio acid. 


C. Lowdg confirmed the observations of A. J. Balard, and assumed that the liquid 
rich in bromine corresponded with IBr 3 , and the one poor in bromine, with I Hr. 
H. Lagermarck made a crystalline solid by mixing eq. amount of the two elements ; 
and W. Bomemann also made the same compound by adding a slight excess of 
bromine, and volatilized the excess of bromine by heating the product at 50' J in 
a stream of inert gas. The product when cold formed a hard crystalline mass, the 
colour of iodine, and whose composition corresponds with iodine monobxomide, 
IBr. J. B. Hannay also made the monobromide by the action of iodine mono- 
chloride on sulphur dibromide : 2ICl+S 2 Br 2 =2IBr-f S 2 C1 2 ; and L. von dlosvay 
made it by the action of bromine vapour on alkyl iodides. 


j • , t i n -r. m ~ — »•' .d crystals 2 cm. long. 

P - ?* W tte T g»- of tke solid is 4*4157 (0°), 4*4135 (10"), 

® and 3 7343 (50 ). When the sp. vol. or sp. gr. of mixtures of iodine 

and bromine at different temp, are plotted against the composition, the curves are 
continuous except where there is a change of state from solid to liquid : and the 
co * ca 7 e u P w ^f from the concentration axis, showing that there is 
a contraction which may be due either to the formation of a compound or to some 
physioal cause. The heat of formation, according to M. Berthelot, is Isoiid+Brn^ 
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=IBr so ud. 4-2' '47 Cals., and -with, all the constituents solid, +2*34 Cals. According 
fco K. Strecker, between 997° and 214‘5°, the sp. ht. of the vapour is C o =0*039, 
(7p=0 , 029 ; and the ratio of the two sp. ht. varies from 1325 to 1*411 — mean 1*33. 
It is, however, doubtful if these results refer to anything but the dissociated vapouT, 
i.e. to a mixture of the vapours of iodine and bro min e. The m p. of the monobromide 
is near 42°, the lower values which have been reported are due to the presence of 
impurities ; the b.p. is near 116°, although it volatilizes at a lower temp, than 
this. The liquid rich in bromine formed by the action of bromine on the mono- 



monobromide and an excess of iodine. The coincidence of the liquidus and solidus 
ourves at the point B shows a high degree of probability that a single individual 
is present in the system. P. 0. E. M. Terwogt also investigated the b.p. curves 
and obtained two curves, one representing the percentage (atomic) composition of 
the liquid, and the other that of the vapour at the b p. of the liquid. Some results 
are shown in Table XII. The general shape of the f.p. curves is that indicated in Fig. 


Table XII. — Boiling Points on Mixtures or Iodine and Bromine. 


Atomic per oent. ol lodlue. 

B.p. and barometric) press. 

Liquid. 

Vapour. 

0 

0 

58*7° (771*2 mm.) 

20 

2*08 

72*7° (759 3 mm.) 

47*17 

8*25 

104*3° (756*3 mm.) 

52 

27*06 

126*0° (750*0 mm.) 

60 

42*90 

145*4° (708*8 mm.) 

80 

50*32 

159*4° (757*8 mm.) 

100 

100 

187*5° (771*7 mm.) 


27, but the curves do not approach one another so closely as in the case with iodine 
and ohlorine corresponding with the fact that at the b.p., bromine monochloride is 
probably dissociated more than the corresponding iodine monochloride. This is 
in harmony with W. Bornemann’s observation that iodine monobromide cannot b< 
distilled between 90° and 100° without some decomposition— the distillate indeed 
contains so much bromine in excess that it remains liquid. The accumulation ol 
bromine in the vapour phase correspond with the greater volatility of that dement 
The vap. press, at 50*2® and 92*8° are as follows : 
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Table XIII. — Vapour Pressures or Iodine-Bromine Mixtures. 


Temp. 60-2°. 

Temp. 02*8°. 

Atomic per cent, of iodine. 


| Atomic per cent, of iodine. 




Vap. press. 



Vap. press, 
mm. 





Liquid. 

Vapour. 

Liquid. 

.Vapour. 


25 

0 

331*0 

60 

0 

372*0 

50 1 

8*23 

861 

70 

27-38 

100*5 

100 

100*00 

3*5 

100 

100-00 

30'7 


J. J. van Laar has shown how the form of the vap. press, curves of a liquid 
mixture can furnish an indication, not a precise computation, of the degree of dis- 
sociation of any compound which maybe formed, on the assumption that the different 
kind of molecules in the liquid — 1 2 , Br 2 , and IBr — possess partial press, each ol 
which is equal to the product of the vap. press, of a given component in the unmixed 
state and its fractional molecular concentration in the liquid. It is assumed that 
in the liquid, there is a balanced reaction 2IBr^I 2 +Br 3 , to which the law of mass 
action applies, where K is the equilibrium constant, and G h 0 2 > and 0 respectively 
denote the concentration of the free iodine, free bromine, and iodine bromide. 
From this, P. C. E. M. Terwogt infers that at 50'2°, K for the liquid is ^ ; and 
that for iodine monobromide about 20 per cent, of the liquid and about 80 per cent, 
of the vapour is dissociated. That the vapour of iodine monobromide is not quite 
dissociated into its elements is evident from its absorption spectrum, which shows 
some fine red orange and yellow lines in addition to those which characterize iodine 
and bromine. In thin layers, the colour of the vapour is copper red. 0. Ruff 29 could 
not prove the formation of a compound by the measurements of the light absorption 
of soln. of iodine and bromine in carbon tetrachloride. 


Iodine monobromide has -a specific electrical conductivity of 3'078xl0“ 4 
reciprocal ohms when liquid at 40-6°, and 6‘51xl0~ 4 when solid at 1G'3°. The 
iodine collects at the cathode, and the bromine at the anode when melted bromine 
monoiodide is electrolyzed between silver electrodes. 30 Iodine monobromide dissolves 
in chloroform, ether, and alcohol, forming reddish-brown soln. According to E. Bolly, 
the ethereal soln. is electrically conducting, but not the soln. in sulphuT chloride, fcU!U, 
or carbon disulphide. Iodine monobromide is hydrolyzed by water, the liberated 
iodine colours the soln. brown, and some iodine may be precipitated. Indigo soln. 
are decolorized ; and starch paste , is coloured reddish-brown. According to 
P. Walden, the molecular conductivity of soln. of the monobromido in liquid sulphur 
dioxide, arsenic trichloride, and sulphury] chloride increases with dilution ; the 
simultaneous soln. of bromine and iodine in these solvents raises the conductivity 
more than the additive sum of the constituents in the same solvent : and the 
conductivity of a mixture I+4Br is greater than that of I+2Br, possibly because 
of the formation of iodine tribxomide. The conductivity decreases with a rise of 
temp, and conversely. 

nf w£? lit? other binary halogen compounds, has the faculty 

Mld^ P ° Iy a « d S to ^ y -u L Tb ?7 “ 6 obtained b y tlle ^ o* ‘to halogen 
halide m a cone soln. of the alkali hahde salts. Thus, H. 1. Wells and S. L. Pen- 

field prepared KBrJBr, CsCl.IBr, CsBr.IBr, RbBrJBr, etc. Since CsBi.I is 
more stable than CsBrL, it follows that it is the mutual affinity of the halogens 
th^taSy^” h8,n volatllit y of tbe itemed halogen, which deteiJnes 
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CHAPTER XVIII 

THE COMPOUNDS OF THE HALOGENS WITH HYDROGEN 

§ 1. The Preparation of Hydrogen Fluoride and Hydrofluoric Acid 

Hydrogen fluoride rarely occurs free in nature ; but its presence baa been detected 
in tbe effluvia from vents in volcanic districts ; for example, It. V. Matteucci 1 
found it in tbe gaseous products of tbe fumeroles of Vesuvius. Hydrogen fluoride 
is formed by tbe direct union of tbe elements ; and by tbe action of fluorine on 
water, ammonia, hydrocarbons, and many organic compounds. It is also formed by 
tbe action of steam on some of tbe metal fluorides — lead fluoride, silver fluoride, 
etc.— and by tbe action of some fluorides on water — e.g. iodine pentafiuoride. The 
fluorides and fluosilicates are decomposed by sulphuric acid, with tbe evolution of 
hydrogen fluoride — tbe reaction is incomplete with hydrochloric acid in place of 
sulphuric acid. G. Gore used chromic fluoride and sulphuric acid ; R. Luboldt 
decomposed cryolite with tbe same acid. 

An aq. soln. of hydrofluoric acid is prepared in the laboratory by tbe process 
recommended by J. L. Gay Lussac and L. J. Thenard (1809), 2 in which fluorspar is 
heated with sulphuric acid in lead or platinum vessels. Tbe reaction is represented : 
CaF 2 +HoS 0 4 =CaS 04 -f 2 HE. The fluorspar should be as free from silica as possible 
to prevent tbe formation of hydrofluosilicic acid: 6HF+Si02==2H 2 0+H 3 SiF 6 . 
Up to 80 per cent, of the theoretical yield can be obtained with sulphuric acid con- 
taining about 10 per cent, of water ; with a more cono. acid, the yield is less ; with 
sulphuric acid containing about BO per cent, of sulphur trioxide, fluosulphuric acid. 
HFS0 3 , distils over ; and with sulphuric acid containing 60 per cent, of sulphur 
trioxide, almost pure fluosulphuric acid collects in the receiver. In any case, some 
calcium fluosulphonate, Ca(FS0 s ) 2 , is always found in the residue in the retort. 8 

On a manufacturing scale, an aq. soln. of hydrofluoric acid is made by gently heating 
the best quality of powdered fluorspar, free from silica* to about 130° along with cono. 
sulphuric acid — containing 10 per cent, of water. The retort is a oast-iron pot with a cast- 
iron cover. The rim of the cover dips into an annular trough ; the joint is sealed with cone, 
sulphuric acid. The retorts are connected with a series of lead boxes as condensers. 
These contain water or dil. hydrofluoric acid to absorb the gas from the retorts. The 
condensers are submerged in water to keep « them cool, and the acid so obtained is col- 
lected in leaden bottles. 

Commercial hydrofluoric acid always contains- sulphuric and hydrofluosilicic 
acids ; and generally iron ; arsenic ; lead ; and sulphurous acid. Some hydrogen 
sulphide may be present if the fluorspar contained lead or iron sulphide. According 
to C. F. Stahl, 4 commercial samples, examined over a period of five.years, contained 
from 33 5 to 5A2 per cent, of hydrofluoric acid ; 2 ‘7 to 14-9 per oent. of hydrofluo- 
silicic acid; and up to 1*9 per cent, of free sulphuric acid. The hydrofluosilicic 
acid can be almost all removed by the addition of a little aq. soln. of potash, and the 
rcdistillation of the liquid decanted- from the precipitated potassiuA fluosilicate, 
G. Gore removed the arsenic, lead, etc., by diluting the acid until it contained less 
then 40 per cent. HF, and passed hydrogen sulphide through the liquid. The fices 
hydrogen sulphide is then removed by the addition of silver carbonate or oxide, anc 
the clear decanted liquid re-distilled. T. E. Thorpe and F. J. Hambly destroyed th< 
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sulphurous acid by treating the acid with potassium permanganate before distilla- 
tion. H. Moissan purified hydrofluoric acid from silica by neutralizing one quarter 
of a given volume of hydrofluoric acid with an alcoholic soln. of potassium hydroxide, 
or better, potassium carbonate prepared from the purified bicarbonate. The two 
portions were mixed, and distilled in a lead retort heated on an oil-bath at 120°. 
Potassium fluosilicate is not decomposed at this temp., and the acid collected was 
free from silica. 

According to E. Fremy’s Recherches sur les jiuorures (1856), the acid furnished 
by the action of sulphuric acid on fluorspar always contains water, sulphuric acid, 
sulphurous acid, hydrofluosilicic acid, and other impurities. After many fruitless 
attempts to purify and dehydrate the crude material so obtained, he sought other 
means of preparation, and found that anhydrous hydrofluoric acid could be satis- 
factorily obtained by heating well-dried potassium hydrogen fluoride in a platinum 
retort attached to a platinum receiver which was oooled by immersion in a freezing 
mixture. The first portions of the acid which distilled over contained a little moisture. 
H. Moissan thus describes the operation : 

The dry acid salt was placed as quickly as possible in a platinum retort previously boated 
to redness so as to free it completely from moisture. The salt was first heated for about 
U an hour to a moderato tomp. ho 

y that only a slight decomposition 

j| occurred, tho small quuntity of 

^ — — — a JL acid distilling over during this 

l M preliminary heating, which con- 

PljjM tained any traces of water ab» 

I J l sorbod during tho manipulation 

jWsHB if I flSBBffl of the salt, was allowed to escape. 

J] ill A^jriatiaum receiver was next 

— g - °uly to a tomp. sufficiently high 

to decompose tho salt tUowly • 
“ ^ ‘ ' the reeoiver wan coolod by a 

i n n* • , . ± ' . mixture of ice and salt as indi- 

1. — H. Moissan s Apparatus for the Distillation of cated in Fig. 1. From tho 
Hydrofluorio Add. moment of cooling tho rocoivor 

condensed to a limpid liquid, boiling at 19'5”. Hydrofluori^'aoid^bu^obmimS'mm™ 
tones cents™ a snmU quantily of alkaline fluoride, carried over by tho acid vaTJurc 
, dec °° a P°® ltlon ® f tb© salt. If it is desired to obtain pure hydrofluoric acid 
h rq Sa1 ’ a i arge P la ^ mum , ^tort must be used, and the acid vapours must bo 

LwS: st&S 1 ” tube ^ upmrds «“> mt ° n ’ “>•* 

ob V™ ed hydrofluoric acid by decomposing load or 

sUtot fluonde in a platinum tube by means of purified and dry hydrogen 

it omSbX IS t 1?3r ^ 0flU< r 0 / <5id k aob ?8 roso ?P io *!»* H. Moissan said that ho found 
S p ta 0Bl 7 7? h tie ^ eatMt diBioulty. G. Gore, 

and I. L. Thorpe and F. J .Hambly recommended keeping anhydrous acid in platinum 
bottles with a ground platinum plate sealed with pataflL wax, and held in place by 

veSmU; ,2? P F n “JO* 6Xp r!w 6 f0r ° rdinaTy work ’ and ceresine wax bottles arc 
generaUy used. For transport, the commercial acid is bottled and sealed in lead, 

Twl* ' ’ 01 C6IeSine WaX vessels - The acid stacks vulcanized caout- 


G. QcS. (3) ’ 7 '£ S’ 7 ' 1898 > 7 * lr> ' 1898 ; 

HbUeucoitmd E. 76 ' 33 °- 1SB “* R ‘ V - 

• Ph *‘- Oi * ** 1809. 
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1889 ; R. Hamilton, Chem. News, 60. 252, 1889 ; C. Craig, 4 b., 60. 227, 1889 ; U H. Allca, Analyst, 
21. 87, 1896 ; B. Blount, ib., 21. 87, 1896 ; W. Hempel, Ber., 1434, 1885 ; A. Stromeyer, Liebig’s 
Ann., 100. 96, 1856 ; H. Briegleb, ib.. 111. 380, 1859 ; G. Staedler, ib., 87. 138, 1853 ; W. R. 
Dexter, Amer. Jowrn. Science, (2), 42. 110, 1866 ; R. Benedikt, Chem. Ztg., 15. 881, 1891 ; G. Gore, 
Phil. Trans., 159. 173, 1869 ; H. Moissan, Ann. Chim. Phys., (6), 24. 224, 1891. 

6 G. Gore, Phil. Trans., 159. 173, 1869 ; W. C. Heraeus, Zeii. angew . Chem., 8. 434, 1895 j 
R. Benedikt, Chem. Ztg., 15. 881, 1891 ; J. L. C. Eekelt, ib., 16. 17, 1892 ; E. Militz, Zeit. anal 
Chem., 22. 554, 1883 ; C. F. Stahl, Journ. Amer. Chem. See., 18. 415, 1896 ; G. Staedler, Liebig’’ a 
Ann., 87. 137, 1853. 


§ 2. The Properties of Hydrogen Fluoride and Hydrofluoric Acid 

Experiments with hydrogen fluoride and cone, hydrofluoric acid are extremely 
dangerous owing to the volatility and extremely corrosive nature of the vapour. 
The vapour causes an intolerable pricking, burning sensation ; and if a drop of the 
cone, acid comes in contact with the skin it produces serious, painful, ulcerated 
sores. An incautious inhalation of the vapour may so affect the membrane of the 
throat, that a temporary loss of voice may be produced ; 0. J. Knox (1840) thus 
lost his voice permanently during his early experiments on the electrolysis of the 
acid. H. Davy is said to have abandoned his attempts to isolate fluorine because 
of the risks. It is said that P. Louyet (1850) and 
F. J. Nicklfes (1869) died from the effects of accidentally | 
inhaling the vapour of the cone. acid. If a little acid * 
accidentally comes in contact with the skin, washing T 
the affected part immediately with water and then with | 
dil. aq. ammonia is effective with the dil. acid. Very dil. | 
acid — up to say 5 per cent. — produces no ill effect by ® 
temporary contact with the skm. With the more cone. ^ c/ -<,, a , c 

acid — say 60 per cent. — the ammonia treatment does not Fig 2 .— Vapour ^Density of 
prevent inflammation, and C. F. Stahl recommends con- Hydrogen Fluoride/ 
tinuing the washing of the affected part for half an hour 

under flowing water when “ the bad effects will be prevented or at least materially 
reduced.” The washing should begin immediately after the acid has come in 
contact with the skin. 

Hydrogen fluoride is a colourless transparent gas which can he condensed to a 
colourless mobile liquid which fumes strongly in air. The vapour density of the 
gas 1 at 21*4° (H 2 =2) is 51 18 (or 1*773, air=l) ; and it diminishes rapidly as the 
temp, rises until, at 90°, it is 20*58. This is illustrated by the graph, Fig. 2. The 
Lower number corresponds with a mol. wt. HF. Hence, at 90°, hydrogen fluoride con- 
tains two atoms, At lower temp, the molecule polymerizes to H w F n . Th ere is, 
however, nothing to show what the molecules are. They may be partly HF, partly 
H 2 F 2 , H 8 F 3 , etc. The facts only permit the statement that below 90° gaseous hydrogen 
fluoride is a mixture of molecules, H^m, HnF n , . . . where the values of m, n, . . . 
are unknown. Other evidence to be discussed later leads to the assumption that 
there is a state of equilibrium, H 2 F 2 ^2HF, at each temp. If so, the relative propor- 
tions of the two kinds of molecules can be calculated from the vapour density at a 
given temp. Similar results are obtained by lowering the press, and keeping the 
temp, constant at, say, 32°. Judging by the boiling points of itB family relations, 
which decrease with decreasing mol. wt., HI, — 35*5° ; HBr. — 67*1° ; HC1, — 83*4°, 
the b.p. of hydrogen fluoride might be expected to fall below — 83*4° ; as a matte: 
of fact, G. Gore 2 found the liquid to boil at +19 *4°. This, said H. M. V ernon, probablj 
means that the molecules of liquid hydrogen fluoride are more complex than ii 
represented by the simple formula HF. The b.p. of the liquid, 19*4°, is very near th< 
prevailing temp, of the atm. in temperate climes. Its vap. press, at 15*5° is 394 mm 
The specific gravity of the liquid at 13*6° is 0*9885 ; at 12*8°, 0*9879 ; and at 11*1° 
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0-9922. According to A. Guntz,® its heat oi vaporization is 7*2 Cals, per mol. of 
HE. If the molecule is polymerized to HgE 2 > “ appears pro bable from the vapour 
density determinations, the heat of vaporization will be 2 X7 21— 14 48 Cals, lhe 
quotient by Trouton’s rule is then 14480 -r 292 * 4 = 49 ; 5 -a value much higher than 
the normal. It is therefore assumed that much heat is spent m the work of depoly- 
memation: H 2 F S -*2HF. According to M. Beithelof and H^Moissan, the heat 
of formation of this compound from its elements us eas+oan 

Cals.; or H^+F^HFa^+45-8 Cals The %md sohMes jf oo^ed to 
about —102-5°, forming a white opaque solid which has a melting point 92 3 . 
As indicated previously, liquid hydrogen fluoride is a non-conauctor OI electricity. 

Hydrofluoric acid like water is an associated liquid, and even the gas as we shall 
soon see, is associated. It has the power of uniting with fluorides It also seems to 
be an io nizi ng solvent for a soln. of potassium fluoride in liquid hydrogen fluoride 
is an excellent conductor; it also possesses marked solvent powers. According 
to E. C. Era nklin , 7 the liquid readily dissolves potassium fluoride, chloride, and 
sulphate ; sodi um fluoride, bromide, nitrate, chlorate, and bronaate ; acetamide ; 
and urea. The solvent action is not so marked with barium fluoride, cupric chloride, 
and silver cyanide ; while calcium and lead fluorides ; copper sulphate and nitrate ; 
ferric chloride, mercuric oxide, and magnesium metal; are virtually insoluble in this 
menstruum. Glass also is not affected by the liquid if moisture be absent. The liquid 
scarcely acts on most of the metals or non-metals at ordinary temp , though it docs 
act on the alkali metals at ordinary temp., much the same as docs water, with the 
simultaneous production of flame. 

The properties of hydrofluoric acid. — Hydrogen fluoride is soluble in water 
between 0° and 19-4° in all proportions.^ The aq. soln. forms hydrofluoric acid ; 
the more cone, solutions fume strongly in air. The specific gravity of aq. soln. 
increases with increasing concentration of hydrogen fluoride up to a maximum l‘2fl2 
with soln. containing 75*93 per cent, of HE, and then decreases to unity as the con- 
centration increases. The numbers in Table I are calculated from those of J. L. 0. 
Eckelt, 8 and of E. G. Hill and A. P. Sirkar. The table shows that the sp. gr. of 
a 63 per cent. soln. is 1'246 at 0°. Table II is due to C. Wmtcler. ‘ The contamina- 
tion of the soln. with hydrofluosilicic acid greatly increases the donsity. 


Table I. — Specific Gravity of Aqueous Solutions of Hydrofluoric Acid with up 
TO 99 PER CENT. OP HF— AT 0°. 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1000 

1003 

1-006 

1-010 

1-014 

1-019 

1-023 

1-026 

1-029 

1*033 

1 

1-037 

1-040 

1-044 

1-048 

1-052 

1-056 

1060 

1-064 

1 -009 

1 -073 

2 

1-077 

1-083 

1-086 

1-090 

1-093 

1-097 

rioo 

1-104 

1-107 

1*111 

3 

1-114 

1-118 

3-121 

1125 

1-128 

1-132 

M36 

M39 

1-142 

1-146 

4 

1-149 

1-153 

. 1-157 

1-161 

1-165 

1-169 

1*174 

1-179 

1-184 

1-180 

5 

1-195 

1-200 

1-205 

1-211 

1-216 

1 221 

1-225 

1 -239 

1 -232 

1 *235 

6 

1-238 

1-241 

1-243 

1-246 

1-248 

1-249 

1-250 

1 -252 

I ‘253 

1 *254 

7 

1-258 

1-257 

1-259 

1-260 

1-261 

1-261 

1-262 

1 *259 

1 -256 

1 *253 

8 

1-250 

1-246 

1-242 

1-239 

1 235 

1-230 

1-224 

1-219 

J-2H 

1*199 

9 

1-180 

1-161 

1-140 

| 1-123 

1 102 

1-082 

1-065 

1-049 

I -033 

1*016 


A. A. Bineau 9 found that during the boiling of a cone. aq. soln. of hydrofluoric 
acid an excess of hydrogen fluoride escapes until there remains a soln. with a constant 
b.p., 130°, and a constant composition corresponding with about 36 per cent HE 
In an analogous way, if dil. soln. are distilled, the first fractions are particularly rich 
in water, this continues until there remains an acid with the same constant b. temp 
and the same constant composition. Similarly, if the cone, or dil. acid is allowed to 
stand over slaked lime, the former becomes more dil. and the latter more cone. 
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until the same residue — about 36 per cent. HF ; b.p. 120° — is obtained. 
A. A. Bineau supposed that this constant remainder represented a definite hydrate 
HF.2H 2 0 ; but H. E. Roscoe has shown that this is probably a mistaken inference, 
since the composition of the residue varies with the press. 

Table II. — Specific Gravity of Aqueous Solutions of Hydrofluoric Acid with up 
TO 50 PER CENT. OF HF — AT 20’. 

0128456780 

0 — 1 003 1-007 1*011 1 014 1 018 1 023 1-027 1-030 1-035 

1 1-038 1 041 1-045 1 049 1 052 1 055 1*059 1-002 1 006 1 069 

2 1 072 1 070 1-049 1 052 1 *086 . 1 089 1 092 1 095 1*098 1-101 

3 1-104 1 106 1-119 1-112 1-114 1 117 1 120 1-122 1 '125 1127 

4 1-130 1 133 1 136 1-138 1141 1 143 1 146 1-140 1-162 1-164 

6 1-167 — — — — — — — — — 


P. Louyet thought that the acid which he made by the action of sulphuric 
acid on fluorspar was a hydrate, but there is no evidence of this. According to 
R. Metzner, 10 a 30 per cent. aq. soln. of hydrogen fluoride does not freeze at — 70°, 
but at about — 45°, the 43‘4 per cent. “ pure ” acid of commerce gradually deposits 
small opaline masses. If the 55 per cent, acid be slowly cooled to — 45°, it forms 
small truncated p rism s with a composition corresponding with monohydrated 
hydrogen fluoride, HF.H 2 0, and melting at — 35° ; the temp, of the melting mass 
remains constant until the change is complete. The crystals of the hydrate are said 
to fume in air, and to dissolve in cold cono. acid ; the sp. gr. of the crystals is given 
as 1*15. The monohydrate readily forms supersaturated soln. There is no evidence 
of a dihydrate ; and it must be added that the monohydrate is not yet to be regarded 
as definitely established. A. A. Bineau’s constant boiling mixture, when frozen, 
has no definite m.p., and appears to be a mixture of ice and the monohydrate. The 
f.p. curve of the binary system BOB’ — H 2 0 has not been worked out. E. G. Hill 
and A. P. Sirkar obtained two maxima in their curve showing the molecular electrical 
conductivity of soln. of different concentration — one at about 91 per cent. HF, and 
the other between 51 and 55 per cent. HF. If thes e maxima represent definite 
compounds, the former would correspond with HF.9H 2 0, and the latter with 

hf.h 2 o. 

G. Gore, in his early work, showed that the presence of hydrogen fluoride in water 
lowered its f.p. E. Paternd and A. Peratoner 11 measured the depression of the 
f.p. of water by soln. containing from 0'057 to 2 '80 mol. per litre ; and W. Ostwald 
showed that the results corresponded with the presence of molecules of HF, partially 
ionized, in the soln. 

The specific heats of aq. soln. of hydrofluoric acid 12 is smaller the greater the 
concentration : wit h 5 per oent. of HF, 0'947 ; with 7'51 per cent, of HF, 0‘925 ; 
13 26 per cent. HF, 0 875 ; 20 per cent. HF, 0 840 ; and with 25’92 per cent, of 
HF, 0-798. The sp. ht. of the soln. is greater than that of the other mineral acids 
of eq. concentration. It has been suggested that this might be due to the absorption 
of heat during the ionization of the acid with rising temp . 

The heat of solution of gaseous hydrogen fluoride 13 in an excess of water is 
HF ga8 +Aq.=ll-8 Cals. ; and HFu qil id-(-400H 2 0=4-56 Cals. ; the heat of dilution oi 
HF-fO-5 H 2 0 to 400H 2 0 is 2 05 Cals. ; of HF+16’7H 2 0, 0*72 Cal. ; of HF-j-2-25H 2 0, 
0-55 Cal.; of HF+6-51H 2 0, 0'1 Cal.; and of HF+12 03H a O, almost zero.. 
The heat of neutralization 14 is NaOHaq. =16-272 Cals., with LiO H aq ., 164 Cals 
and with K0H aq ., 16'1 Cals. — these numbers are greater than those for the othej 
three halogen acids, and about 4 per cent, larger than the heat of neutralization foi 
sulphuric acid. If the soln. be exactly neutralized and a further quantity of hydro 
fluoric acid be added, .much heat is absorbed — approximately 0-288 Cal. Whei 
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hydrofluoric acts similarly on sodium chloride, 0T00 Cal, is evolved; and with 
hydrochloric acid on sodium fluoride, 2‘363 Cals, are absorbed. When one eq. of 
hydrochloric acid acts on an eq. of sodium fluoride, about 095 eq. of the latter is 
decomposed ; while when one eq. of hydrofluoric acid acts on an eq. of sodium 
chloride, only 0'05 eq. of the latter is converted to the fluoride. Hence, argued 
J. Thomsen, the Avidim of hydrofluoric acid is but 5 or 6 per cent of that of 
hydrochloric acid. This result was not expected because the avidity of the related 
acids — hydrochloric, hydrobromic, and hydriodic acidB — increases as their mol. wt. 
decreases ; and hydrofluoric acid has the smaller avidity. ThiB result is confirmed 
by E. Deussen’s work on the eflect of these acids on the speed of inversion of 
cane sugar to invert sugar, and on the esterification of the alcohols. Hydrofluoric 
acid is about 17 times less active than hydrochloric acid ; and it is rather less 
active than phosphoric acid. These results axe also in agreement with the smaller 
electrical conductivity 16 and small ionization constant of this acid.. If v denotes the 
number of litres cont aining a mol. of HE, j-i-o the electrical conductivity at 0 , and /105 
that at 25°, a, the degree of ionisation, is equal to p/p.* ; and the ionization constant 
K is equal to a 2 /( 1 —a)v. E. Deussen’s results are : 


Po 

Pas 

K 


1 

18-94 

24-46 

0062 

0-00410 


2 

20-42 

26*17 

0-067 

0*00241 


4 

23-67 

29-88 

0-076 

0-00166 


16 

36-60 

46-37 

0-118 

0-000987 


64 

61-65 
80*70 
0-206 
0 000826 


256 

105-8 

140-8 

0-36 

0-000791 


1024 

173 

230 

0-58 

0-000782 


A comparison of these values of a with those for the other haloid acidB, will show h ow 
little t his acid is ionized in aq. soln. Eor example, the molecular electrical conduc- 
tivities for the four haloid acids, at 25°, are 


HF 

Ha 

HBr 

hi 

296 

366 

377 

370 

59-5 

393 

398 

397 

224-0 

— 

405 

404 


The ionization constants E25=0‘00065+0*000025(l— a)/a; and i£ 0 — O'OOOOO 
+0-00007 (1 — a)/a. The acid is only half ionized even when but a mol. is present in 
a litre of soln. The inconstancy of K particularly with the more cono. soln. up to 
is noteworthy." The heat o£ ionization at about 19° and a concentration of 
S*6 litres per mol. is HE==H'+E'+2'57 Cals. 

P. Walden concludes that in dil.- aq. soln. hydrofluoric acid is a feebly ionized 
monobasic acid, HP. G. Pellini and L. Pegoraro 17 conclude from their conduc- 
tivity measurements that the molecules of hydrogen fluoride or of the normal fluorides 
are not polymerized to H 2 E 2 -molecule8 iu aq. soln. ; but the conductivity of the 
acid with successive additions of sodium, potassium, or ammonium hydroxide shows 
a maximum when acid eq. to half a mol. of hydrofluoric acid has been added, and 
there is an abrupt change in the slope of the conductivity curve when an eq. of 
alkali has been added. This behaviour is characteristic of dibasic acids ; hence it 
might be assumed that hydrofluoric acid is dibasic H 2 E 2 . Again, with the reaction : 
HgO+2HE^HgE 2 +H 2 0 in aq. soln. , the concentrations of the H 2 0 and of the solid 
HgO may be regar ded as constant. If C denotes the concentration of the HgF 2 , 
and Ci that of the HE assumed to exist in soln. as non-associated HE, the equili- 
brium conditions will be C=h x G 1 ~, where k j is constant ; while if the equilibrium con- 
dition be Hg0+H 2 E 2 +H 2 0, and C 2 denotes the concentration of the hydrofluoric 
acid, assumed to he polymerized, H 2 F 2 , the. equilibrium condition will be C—k z C z , 
where & 2 is constant. The observations of A. Jager agree better with the latter 
hypothesis than with the former. Hence, A. Jager concluded that the molecules 
of hydrofluoric acid are present in the form H 2 Eg. R. Abegg drew a similar con- 
clusion from the action of hydrofluoric acid on boric acid. According to W. Ostwald’s 
rule, the electrical conductivity of the sodium salts of monobasic acids rises about 
10 units on dilution from a concentration t>=^ a 2V to and with dibasic 
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acids about 20 units. Tims, the conductivity of the sodium salt at 25° is 104*0 for 
w=To 24 > an< ^ 93*0 for v=-^-. the difference 104 — 93=11 is in harmony with the 
assumption that a monobasic acid is in question. R. Kremann and W. Decolle 
found that the rise of the conductivity of the sodium salt of hydrofluoric 
acid agrees with the assumption that this is a dibasic acid, H 2 F 2 . E- Deussen 
has attempted to reconcile the conflicting opinions by assuming that hydro- 
fluoric acid is neither an out-and-out mono- nor a ai-basic acid, but rather 
occupies eine Zwischenstellung. H. Pick (1912) suggests that the apparent anomaly 
is explained qualitatively and quantitatively by assuming that there is no appreci- 
able asso ciation of the molecules to H 2 F 2 , the ionization constant K at 25° agrees 
with HE=H*+F' in dil. soln. when H=[H][F']/[HF] =0*00072. In the more 
cone. soln. where K varies very much with concentration, the HE molecules unite 
with the F'-ions forming a complex HE 2 ', which has the equili briu m constant 
[HE 2 / ]/[H*][F / ]=5*5, corresponding with the balanced reaction HE +F' =HF 2 '. 
With these assumptions H. Pick has estimated the relative concentrations of the HE 
molecules and of the H* and HE 2 ' ions of soln. of different concentration ; and he has 
shown that the calculated electrical conductivities then agree satisfactorily with 
the observed values. The results are graphed in Fig. 3 against the normality of 
the soln. 


The majority of the following qualitative results were recorded by G. Gore, 18 
or by H. Moissan. Hydrofluoric acid attacks nearly all the metals — gold and plati- 
num metals resist attack ; copper and silver are slowly attacked ; iron and zinc are 
rapidly dissolved. A mixture of hy- 
drofluoric and nitric acids dissolves — I — I — I — I — I — 1 — 1 — 1 — I — I — 1 

boron, silicon, columbium, tantal um , 
etc., but not gold, platinum, diamond, § /£ \ 
silicon carbide, etc. 'Silica is dissolved 
and converted partly into silicon /0 


tetrafluoride, and partly into hydro- Jj 
flnosilicic acid, H 2 SiF 6 . Similar re- ^ 
marks apply to many of the silicates, 
q.v. Most metal oxides are attacked c 
by the acid. Most of the oxides are C 
transformed into fluorides and in 


Fio . 3. — Pro po rtions of the different Ions 

containing Fluorine in Solutions of different 
Concentration. 


many cases dissolved. According to G. Gore, the higher oxides of cerium, iron, 
manganese, lead, silver, tin, and thallium, and the monoxides of cobalt, nickel, 
and tin, are not attacked. Calcined alumina and corundum are not decomposed 
by cone, hydrofluoric acid. Phosphorus pentoxide reacts with hydrogen fluoride ; 
J. W. Mallet 10 thought that phosphorus pentafluoride, PE 5 , was formed, but 
H. Moissan showed that phosphorus oxyfluoride, POFg, is the product of the 
reaction. In oonsequence, phosphorus pentoxide cannot he used for drying the 
gas. Sulphurous, vanadic, arsenious, and molybdic oxideB are rapidly decomposed. 
The action of hydrofluoric acid on various oxides has been studied by W. K. van 


Haagen and E. F. Smith. 20 They passed the vapours of hydrofluoric acid over the 
certain oxides heated in a platinum boat, and found alumina at a high temp, is 
converted into fluoride ; cerium, yttrium and lanthanum oxides at a red heat form a 
non-volatile fluoride or oxyfluoride ; zirconia and zirconium minerals, titanium, tan- 
talum and columbium oxides and the m i nerals at a red heat form volatile fluorides ; 


thorium dioxide was slightly attacked ; potassium dichxomate loBt nearly all its 
chromium, sodium tungstate lost only part of its tungsten ; sodium phosphate 
lost all its phosphorus ; and cassiterite was only slightly attacked. A. Jager has 
studied the action of hydrofluoric acid on mercuric, cupric, and lead oxides ; 
E. Deussen measured the solubility of iron, cupric, and lead oxides in this acid, 
and alscf the solubility of iron scale in aq. hydrofluoric acid ; and E. R. Zalinsky 
has studied the solubility of the iron ores — magnetite, ilmenite, hsamatite, iror 
pyrites, and chromite in this acid. The iodides, bromides, and chlorides of th* 
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alkali and alkali earth metals are decomposed ■with the liberation of iodine, bro- 
mine, or chlorine as the case might be. The iodides of zinc, cadmium, lead, mercury, 
silver and platinum, and cuprous, arsenious, and antimono us iodides are not 
decomposed ; and the bromides of zinc and cadmium are only slightly attacked. 
Titanic, phosphorous, and antimonous chlorides are decomposed. The chlorides 
of chromium, cadmium, manganese, nickel, cohalt, lead, copper, mercury, and silver 
are not decomposed. The liquid chlorides of carbon, phosphorus, sulphur, arsenic 
and gold, and ehromyl chloride do not mix with the acid. The fluosilicates, fluoti- 
tanates, and fluob orates of the alkali metals are decomposed. 

R. E. W ©inland and 0 . Lauenstein 21 found that periodic aoid, potassium chlorate, 
bromate, and permanganate crystallize unchanged from a 40 per cent, of the 
acid. According to G. Gore, moist crystals of potassium permanganate give a green 
liquid. The iodates of the alkaline earths and of nickel give the corresponding 
fluorides, and the alkali iodates furnish fluo-oxyiodates, MI0 2 F 2 . The nitrates of 
the alkalies, alkaline earths, lead, and uranyl are decomposed ; silver nitrate does not 


appear to be attacked. Calcium phosphide is decomposed, copper phosphide not 
so. Ammonium, calcium, uranium, and copper are wholly or partially dissolved. 
The carbonates, sulphates, and borates are decomposed. The sulphides of 
the alkalies and alkaline earths are decomposed ; while the sulphides of arsenic, 
antimony, molybdenum, zinc, cadmium, tin, iron, lead, copper, mercury, and 
palladium are not attacked. Cobalt sulphate is not attacked, while the sul- 
phates of the alkalies and alkaline earths are attacked and dissolved. Alkali tung- 
states, ammonium arsenite and arsenate, copper arsenite, ammonium magnesium 
arsenate, a mm onium molybdate and vanadate, potassium cyanide and ferrocyanide 
are decomposed. Paraffin is not attacked ; shellac, gum arabic, gum tragacanth, 
copal, etc., are decomposed. Celluloid is slowly attacked. Silk paper, gun cotton, 
gelatin, parchment are dissolved. M. Meslans 22 has studied the esterification of 
alcohol by hydrofluoric acid. 

The composition and molecular weight of hydrogen fluoride. — G. Gore 23 
measured the volume of hydrogen required to form hydrogen fluoride when heated 
with silver fluoride. He found that 100 volumes of hydrogen furnished nearly 200 
volumes of hydrogen fluoride. The deviations from the ideal volume relations j ust 
indicated were attributed by G. Gore to the “ partial condensation of the hydro- 
fluoric acid to the liquid state.” Representing the reaction : H 2 +2AgF =211F -j-2Ag, 
he accordingly inferred that hydrogen fluoride contains half its own volume of 
hydrogen, and half its own volume of fluorine. The formula is therefore H n F n . 
The vapour density at 100° corresponds with the molecule HF ; the vapour density 
at lower temp, than 80° shows that the molecule polymerizes. G. Gore’s results 
were confirmed by H. Moissan, who measured the relative amounts of fluorine and 
oxygen liberated during the electrolysis of hydrofluoric acid. The volume of the 
hydrogen was measured directly the fluoride gas was passed into water and the 
corresponding volume of oxygen : 2H 2 O-f-2F 2 =4HF+0 2 , was measured. On the 
assumption that two volumes of fluorine liberated one volume of oxygen the calcu- 
lated and observed results agreed very well with the assumption that hydrogen 
fluoride is formed by the union of equal volumes of the two gases. H. Moissan also 
allowed a measured volume of fluorine to act on water; he measured the volume of 
oxygen produced, and determined the hydrofluoric acid by titration. Here a<*ain 
the results confirmed the conclusion of G. Gore that two volumes of hydrogen fluoride 
are produced by the union of one volume of hydrogen and one of fluorine. For 
example, 12-5 o.c. of fluorine furnished 6 -40 c.c. of oxygen, and 24*49 c.c. of hydrogen 
fluoride ; the calculated values were 6*25 c.c. of oxygen, and 25*00 c.c. of hydrogen 
A? “ic&ted, the peculiar properties of hydrogen fluoride and of 

toe acid agree with the assumption that under certain conditions bhe molecule is 
.tur, and under other conditions H 2 F 2 . 

The TOB ol hydrofluoric acifl and the flnorides.— Hydrofluoric acid’ attack, 
quartz and siliceous substances, glass, etc., forming silicon fluoride : Si0 2 +4HF 
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=SiF 4 +2H 2 0, and it is accordingly used in the analysis of silicates. When most 
silicates are repeatedly evaporated with hydrofluoric and sulphuric acids, all the 
silica is volatilized as silicon fluoride, etc., and the residue of sulphates can be 
examined by the standard methods. The use of hydrofluoric acid in certain analytical 
separations has been discussed by A. A. Noyes, L. W. McCay, N. H. Furman, etc. 24 

One of the most important properties of hydrofluoric acid is for etching glass and 
porcelain. Glass may be etched with the gas or with an aq. soln. of the gas. In the 
former case, the etching appears opaque and dull ; in the latter case, shining and 
transparent. For etching, the glass is covered with a film of wax, and the design 
to be etched on the glass is drawn on the surface with a stylus ; or else the parts of 
the glass not to be etched are coated with a resistant varnish. The surface is exposed 
to the action of the acid or gas, and very soon the glass is etched. The wax or 
varnish is then washed off with turpentine. The corrosive action of the hydrogen 
fluoride is due to the ready decomposition of the glass in contact with hydrogen 
fluoride. The silica forms silicon fluoride. The process is used for marking the 
scales on glass instruments, etc. A soln. of 32 per cent, ammonium fluoride in 20 
per cent, hydrofluoric acid is known in commerce as white add ; it is used for frosting 
electric bulbs, eto. 

The use of hydrofluoric acid has been recommended in the filling of silk, and for 
the cleaning many articles from siliceous materials — the grime from buildings and 
monuments in industrial towns, etc. It has been recommended for pickling iron and 
brass castings so as to free them from sand. 26 It has been suggested for the purifica- 
tion of graphite; but it proved too expensive an agent for removing silica and silicates 
from anthracite for making electrical carbons. J. Effront 26 recommends the use 
of very dil. soln. of the acid in preparing alcoholic liquids from cereals to retard the 
development of certain injurious bacteria ; ammonium fluoride is used in the steri- 
lization of the vessels and rubber hose in the fermentation industries. It has been 
suggested as a means of removing alkalies from the juice of sugar beets. 27 It is used 
in preparing hydrofluosilicic acid. Antimony acid fluoride is used in dyeing. The 
fluosilicates are used in hardening artificial plasters. Hydrofluoric acid or a fluoride 
is used in the coagulation of rubber latex. 28 The former is added to the electrolyte 
in one process for the preparation of antimony, 29 and it has also been employed 
in the electrolytic oxidation process — e.g. electrolytic preparation of chlorates and 
persulphates. A dil. soln. of the acid has also been recommended for opening 
petroleum and natural gas borings where the free passage has been blocked. 

Detection and determination o£ the fluorides. — The metal fluorides are 
decomposed by treatment with cone, sulphuric acid, and the reaction is attended by 
the evolution of hydrofluoric acid which etches glass, furnishes the so-called etching 
Lest for fluorides. The substance under examination is warmed with sulphuric 
acid in a leaden vessel covered with a watch-glass. The watch-glass is coated with 
wax, and a design tjp is scratched with a pin or knife, so as to expose the glass to the 
action of the acid. The wax is afterwards removed, and if the design is etched on the 
glass, it is inferred that fluorides were present. The test will indicate the presence 
of 0*0003 grm. of calcium fluoride. Many silicates contain combined fluorine in a 
form which does not give hydrofluoric acid by treatment with hot sulphuric acid — e.g. 
topaz, tourmaline, eto. The fluorine in these minerals must be transformed into 
calcium fluoride before the test is applied. To do this, the powdered mineral is 
fused with about eight times its weight of sodium carbonate. The cold cake is 
extracted with water. An excess of ammonium carbonate is added, and the pre- 
cipitate filtered off — preferably after the mixture stood overnight. The soln. is 
evaporated to a small volume and neutralized with hydrochloric acid using phenol - 
phthalein as indicator ; when boiled, the phenolphthalein colour may reappear. The 
process is repeated until this is not the case. Calcium fluoride is added and the 
Boln. boiled.*’. A mixture of calcium chloride and carbonate is precipitated. This 
is washed, dried, and ignited in a platinum dish. The residue is treated with dil. 
acetic acid ; evaporated to dryness ; leached with water : and the undissolved 
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calcium fluoride is collected on a filter paper, and washed. Yhe filter paper is burnt 
from the dried precipitate, and the residue is ready for the test. A similar procedure 
is adopted in det ermining the fluorine in minerals, since the calcium fluoride can 
be weighed and the corresponding amount of fluorine calculated 

Silver nitrate gives no precipitate with soln. of soluble fluorides ; both calcium, 
and barium chlorides give precipitates in alkaline soln. The precipitation may not 
occur if a large proportion of an ammonium salt is present. The precipitates are 
sparingly soluble in min eral acids and in acetic acid. Ferric chloride gives a white 
precipitate of a complex fluoride analogous in composition to cryolite. Fluorine 
in soln. as alkali fluoride is readily precipitated as thorium fluoride, ThF 4 .H 2 0, in 
the cold, by adding thorium nitrate to the soln. slightly acidified with nitric or acetic 
acid. An excess of thorium nitrate should be avoided since it is slightly soluble 
therein. The washed precipitate can be dried, ignited, and weighed as thorium 
oxide, an d the amount of fluorine calculated . 30 If the powdered fluoride be mixed 
with an excess of sand, and heated in a test-tube with sulphuric acid, silicon fluoride, 
S 1 E 4 , is formed. If a drop of water at the end of a glass rod be held in the npper 
part of the test-tube, a white film of silicic acid will be formed over the surface 
of the water owing to the decomposition of the silicon fluoride by the water : 
3SiF 4 +3H 2 0 =H 2 Si0 3 +2H 2 SiF 6 . There is also a method of measuring the amount 
of silicon fluoride in a gas burette, and calculating the corresponding amount of 
fluorine. The free acid can be titrated with alkali using phenolphthaleln, rosalio 
acid, or methyl orange as indicator . 31 
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§ 3. The Fluorides 

The fluorides are prepared by the action of hydrofluoric acid upon the metals, 
metal oxides, hydroxides, carbonates, etc. Fluorine gas also acts on a great many 
elements and their compounds producing fluorides ; but fluorine is not a convenient 
reagent in the laboratory or works. In some cases, the fluorides can be obtained by 
the action of the liquid hydrogen fluoride on the proper chloride, and the product 
fractionally distilled — e.g. the fluorides of tin, titanium, and antimony. 1 If hydrogen 
fluoride be passed over heated oxide of aluminium, lanthanum, zirconium, tantalum, 
niobium, ox cerium, the corresponding fluoride is formed as condensable vapour. 2 
Arsenic pentafluoride forms arsenic and the metal fluoride when passed over the 
heated metals — copper, zinc, iron, bismuth, lead, mercury. 8 The fluosilicates or 
fluoborates also convert some metal oxides — with ox without carbon — into the 
fluorides. 4 Some fluorides are formed by double decomposition, but this is not 
usual since double salts are generally produced. Arsenic or antimony fluoride 5 
converts tungsten chloride, WCle, into the corresponding tungsten fluoride : 
WCl0+2AsF s =2AsClg+WE 6 . Silver fluoride converts phosphoric, phosphorous, 
phosphoryl, silicon, or boron chloride into the corresponding fluoride and silver 
chloride. 6 Ammonium fluoride — solid or in soln. — converts many metal salts in 
soln. into the corresponding fluorides. 7 

The fluorides of the non-metallic elements are usually gaseous at ordinary temp. — 
e.g. the fluorides of phosphorus, arsenic, silicon, and boron, and caxbon tetrafluoride. 
Those which are solid melt easily, and closely resemble the corresponding chlorides, 
bromides, and iodides. The metal fluorides often volatize without decomposition. 
The fluorides of the alkali metals, silver, tin, and antimony, are soluble in water ; 
the fluorides of the metals of the alkaline earths are sparingly soluble. Silver 
fluoride dissolves in about half its weight of water, and in this respect it differs in a 
remarkable way from the silver salts of the other three halogens. The very sparing 
solubility of calcium fluoride is also in marked contrast with the behaviour of the 
corresponding salts of the other halogens. Soln. of the alkali fluorides on evaporation 
lose acid, and acquire an alkaline reaction; and some of the hydrated fluorides 
when heated give off part of their water, and the other part is given off along with 
some hydrogen fluoride. The fluorides are generally very stable and are not decom- 
posed when heated alone or admixed with carbon. Silver fluoride, says E. Eremy, is 
not decomposed by heat, and mercuric fluoride volatilizes unchanged. The fluorides 
of the heavy metals are usually decomposed when heated with hydrogen, but not 
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fluorspar. Oxygen does not act on silvex fluoride either at 15° or at 600° ; fluorspar 
is partly decomposed at a high temp, in a stream of oxygen. Lead fluoride can be 
sublimed unchanged in oxygen. Many fluorides aTe decomposed, if heated in a 
current of steam — e.g. fluorspar, cryolite, silver fluoride, lead, fluoride, etc. . Cone, 
nitric or sulphuric acid decomposes most of the fluorides forming hydrofluoric acid, 
and the respective nitrates or sulphates ; hydrogen chloride also decomposes most of 
the fluorides, wholly or partially, when they are heated in a stream of the. gas ; 
according to H. St. C. Deville,® the fluorides of zirconium, chromium, and aluminium 
resist this treatment. Eluorspar is decomposed when heated in a stream of carbon 
disulphide, forming calcium sulphide. Many fluorides are decomposed by fused 
microcosmic salt : CaE 2 +NaP0g+H 2 0 =NaCaP0 4 -}-2HF ; when heated with 
silica: 4AgF-f-Si0 2 =4Ag-f 0 2 -fSiF 4 ; and when fused with silica and sodium 
carbonate ; with alkali hisulphateB ; or with boric acid or the borates. 

Acid fluorides. — J. J. Berzelius, and later E. Fremy 9 in his Rechcrches sur les 
fiuorures (1856), showed that the fluorides have a great tendency to form readily 
crystallizable compounds with hydrofluoric acid — the so-called acid fluorides. 
H. Moissan, and E. Bggeltng and J. Meyer, for example, have prepared the acid 
flnorides of potassium, rubidium, and caesium of the type ME.HE, ME.2HE, 
and MF.3 HE ; and E. Bohm made a serieB of acid fluorides of mercury, copper, 
nickel, and cobalt with combined water — e.g. NiE 2 .6H 2 0.5HE. The heavy metals 
form acid fluorides resembling those of the alkali metals and ammonium. Thus, 
freshly precipitated mercuric oxide dissolves in cone, hydrofluoric acid, and the soln. 
evaporated over sulphuric acid, in vacuo, gives monoclinic crystals which have a 
composition corresponding with mercurous acid fluoride, HgF.2HF.2H 2 0 ; copper, 
cobalt, and nickel oxides or carbonates treated in a similar way furnish the corre- 
sponding acid fluorides, RF 2 .5HF.nH 2 0. When the nickel or copper salt is treated 
with ammonia the salts, CuF 2 (NH 3 ) 4 5H 2 0 and 5NiF 2 (NH 3 ) 6 8H 2 0, are formed ; 
while the mercury salt gives mercuric amidofluoride, NH 2 — Hg— E, and the cobalt 
salt gives CoF 2 .2NH 4 C1.2H 2 0. Difluorotetramminocobaltic chloride, (^(NHg^FgCl, 
and hexamminocobaltic fluoride, CO(NH 3 ) 6 F 8 , have been made by the action of 
hydrofluoric acid upon tetramminodicarbonatocohaltic chloride, and luteocobaltic 
chloride respectively. 

Double or complex fluorides. — The fluorides also unite among themselves to 
form' complex or double fluorides, aud thus are formed the fluoboratos, KF.BF 3 , 
or KBF 4 ; the fluosilicates, 2KF.SiF 4 , or K 2 SiF 6 ; the fluoaluminates, 3NaF.AlF 3 — 
of which the mineral cryolite is the typical example ; fluocupratos, 2KF.CuF 2 , 
or K 2 CuF 4 ; and numerous others. P. Barteczko 10 has compiled the following 
list of these salts which were known up to 1900 ; the symbols in brackets represent 
compounds which are known only in combination with hydrogen fluoride. The list 
will be extended as new compounds are prepared. It does not follow that this 
list will be curtailed with increa sing knowledge since many products formerly thought 
to he chemical individuals are now considered to he mixtures or solid soln. 


Univalent elements. 


LI Na NH* K Eb Cs As Hr Tl 

JXiFjM] [NaF s M] [NH 4 FjM] [KF a M] [RbF s M] [CsF a M] [AgF a M] — [T1F.M1 
~ — [KF 3 M s ] [RbFjMj] — [AgF s M,J [HfrF,M 4 l — 

- - - [KF 4 M 3 ] [RbF 4 M 3 ] - [AgFjMjl - - 


Bivalent elements. 


Ca 

[CaF 4 M a ] 

MgF 4 M a 

Be 

BeFjM 

BeF 4 M a 

Zn 

ZnF 4 M 2 

Cd 

CdFgM 

Ca 

CuF 4 M a 

CuF,M 

Ee 

FeFgM 

FeF 4 &I, 

Co 

CoFjM 

CoF 4 M a 

CoFtMj 

Nl 

NiF*M 

NiF 4 Mj 

NiF v M 

So 

SnF 4 M, 
SrigF s M , 
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Tervalent elements. 


B 

bf 4 m 

Sb 

SbF 4 M 

Bi 

A1 

A1F 4 M 

Di 

DiF 4 M 

La 

bf 6 m. 

SbF s M g 

— 

aif 5 m 2 

— - 

— 


SbFgM s 

[BiF 8 M 3 ] 

aif.v.. 

DiF 8 M 3 

— 



Sb 2 F 7 M 

— 

AIFtM* 

Di 2 F 7 M 

— 

— 

Sb s F 10 M 

— 

ai 2 f 7 m: 

Di 4 F 15 M 3 

Jba s F 8 M a 



Sb 4 F ia M 

— 

ai 2 f 9 m 3 

— 

— 

— 

Sb 7 F a6 M 4 

— 

A1,F , [M, 

— 

— 

— 

— 

— 

A1 3 F 14 m 8 

— 

— 

Fe 

Or 

Mn 

TJ 

V 

Ti 

FeF 4 M 


MnF 4 M 

1 — 

vf 4 m 

— 

FeF,M a 

CrF 6 M 2 

MnF 6 M 2 

— 

vf 5 m 2 

TiF 5 M a 

FeF e M s 

CrFjM 8 

— 

— 

vf 6 m s 

TiF 8 M, 

Fe 2 F t M, 

Cr a F fl M a 

— 

UFj,M 8 


— 


Quadrivalent elements. 



Te 

Si 

Ge 

Sn 

Ti 

Zr 

TeF-M 




— 

— 

ZrF 6 M 


SiF,M a 

GeF 6 M 2 

SnF g M 0 

TiF„M a 

ZrF s M a 



SiF,M 3 

— 

— 

TiFjMj 

ZrF 7 M a 

_ 

— 

— 

SnF„M 4 

TiF 8 M 4 

ZrF 0 M* 



— 

— 

— 

— 

ZrjFgM 



SigFvMj 

— 

— 

— 

Zr 2 F 13 M 5 








— 

Zr 3 F 14 M a 

— 

— 

— 

— 

— 

Zr 3 F 17 M 8 

Oe 

Mn 

Pb 

Th 

u 





— 

ThF 5 M 

uf 6 m 




MnF 4 M a 

— 

ThF 8 M, 

TJF 8 M a 


— 

— 

PbF g M 4 

— 

— 


CeJFIjjMa 

— 


— 

— 



Quinquevalent elements. 




As 

Sb 

Nb 

Ta 




SbF e M 

— 

TaF 8 M 



AsF-Mj 

SbFyMg 

NbF 7 M a 

TaF 7 M s 




— 

— 

TaF 8 M 2 





— 

NbF l0 M 4 

— 




— 

NbF ia M, 

TaF 2 qM 18 



In 1869, C. W. Blomstrand 11 attempted to explain the molecular structure of these 
compounds by assuming the halogen to be bivalent. This would make potassium 
acid fluoride K— F — F— H. It is considered more probable that fluorine is uni-, 
ter-, quadri-, or septa-valent, in harmony with the corresponding variable valency 
of the other halogens. This would make the graphio formula of potassium acid 
fluoride, cryolite, etc. : 

K-IWF-H Hg<Jl“ |>B-F=F-K Al^fcJlNa 

A. Werner, in his Neuere Anschauungen auf dem Qebiete der anorganischen Chemie 
(Braunschweig, 68, 1905), 12 assumed that in the double halides, the halogen atoms 
are united to the central atom so that the group acts as an acid anhydride. The 
compounds above symbolized then become : 

[P.K.F]H [F.Hg-J!]M [£;B;!]k 

where M stands for a univalent radicle. Accordingly, the halogen atoms act as 
intermediate or connecting links between two elementary atoms. There are also 
some mixed halogen salts in which fluorine is replaced by one or other of the three 
halogens. 

Oxy- and hydroxy-fluorides. — In still another group of fluorides part of the 
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fluorine may be replaced by oxygen to form a group of compounds called oxyfluo- 
rides ; in some cases, too, hydroxyl groups may replace the fluorine to form hydroxy- 
fluorides. In the topazes, fluorine and hydroxyl appear to be isomorphous, for the 
relative proportions of the two radicles— E and OH— vary ; in minerals poorest 
in fluorine the ratio E : OH is nearly as 3 : 1. Although several formulae have been 
suggested for a typical topaz — e.g. 


^i^>Al-Si° 4 =(AlE 2 )3 


F— Al<Q>Si<Q>Al — E 


0=Si<g>Al-Al<p 


it is supposed that one or more fluorine atoms per molecule oan be replaced by 

hydroxyl, OH. . , , _ , . , 

The oxyfluorides also unite with other fluorides to form double or complex oxy- 
fluoxides. P. Barteczko appended to his list of double fluorides the following 
table of the principal types of the double oxyfluorides : 


BIO 1 

{BiO)F 3 M2 


MnO n 

(MnO)F 4 M 2 


vo n 
(VO)F 4 M2 


T10a n 
(Ti0 2 )l\M 2 
(Ti0 2 )F e M 3 


(VO)F b M 3 (Ti0 2 )F 5 M 
(VO) s F 13 M 4 (Ti0 2 )F e M L 
(VO) 3 F u Ma (Ti0 2 )E 7 M 3 
(VO) 4 Fulf 7 - 



Quinquevalent elements. 

AaO nI 

(AsO)F 4 M 

MoO™ 

(MoO)F 5 M 2 

(MoO) s F 14 Mg 

vo m 

(VO)KMa 

(VO) 2 F 9 M 8 

voJ 

(V0 2 )F 3 M 2 

(V0 2 )F 4 M 3 

— 





(VOslFgMi 

z 








ETbO m 

<NbO)F 4 M 

(NbO)F 5 M 2 

(NbO)F 0 M s 

(NbO)F 7 M 4 

(NbO) 3 F ls M 4 

(NbOhF^Mg 


mao 1 

(Nb0 2 ) 3 F 6 M2 


TaO tn 

(TaO)F 6 M s 

(TaO)F 7 M 4 


MoOa 11 

(Mo0 2 )F 3 M 

(Mo0 2 )F 4 Ma 

(MoO^FgMg 

(HoO 3 )F u M 0 


Sezdvalent elements. 
WOa 11 

(W0 2 )F 3 M 

(W0 2 )E 4 M f 

(WOgJFjjMg 


UOa 11 

(U0 2 )F 3 M 

(U0 2 )F 4 M 2 

(U0 2 )F 6 Ms 

(U0 2 )F c M4 

(U0 2 ) 2 F 7 M3 


W. Werner drew attention to the fact that the elements which show a tendency 
to form oxyfluorides occupy neighbouring positions in the periodic table oJ 
D. I. Mendel6ef£, viz. 


Ti 

y 

Cr 

Zr 

Nb 

Mo 

— 

Ta 

W 


to these elements can be added uranium, iodine, and boron. The two latter dc 
not appear in P. Barteczko’ s list. There is the potassium oxyfluoborate, B 2 0 3 (EK) 2i 
of H. Schiff andB. Sestini 13 (1884) ; and the alkali and ammonium oxyfluoiodates, 
0 2 IE 2 M 2 , where M represents Ha, K, Bb, Cs, or NH* — prepared by B. E. Weinlanc 
and O. Lauenstein (1897). A. W erner’s 0 3 CrP 2 M, is also omitted from P. Barteczko’* 
list. 
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§ 4. Equilibrium, and the Kinetic Theory of Chemical Action 

. . . The streaming atoms 
Fly on to clash together again, and make 
Another and another state of things 
For ever . . . 

Rejected Addresses. 

All the halogens unite with hydrogen forming compounds of the type HX, 
where X represents an atom of the halogen. With fluorine the reaction proceeds 
explosively in the dark, even at as low a temp, as — 252'5°. At ordinary temp, 
chlorine and hydrogen unite in light, not in darkness, and the union occurs with 
explosive violence if a mixture of the two gases be sparked, or lighted with a taper. 
These same two gases also unite in the presence of platinum foil, platinum black, 
or charcoal. 1 When a mixture of equal parts of iodine or bromine and hydrogen 
gases is passed through a red-hot tube, or, better, over finely divided platinum, or 
platinized asbestos, or charcoal, some hydrogen iodide, HI, or hydrogen bromide, 
HBr, is formed as the case might be. If hydrogen iodide gas be treated in a similar 
way, some iodine and hydrogen are produced. In each case, if the temp, of the 
tube be 440°, we have approximately 80 per cent, of hydrogen iodide, and 20 per 
cent, of a mixture of equal volumes of iodine and hydrogen. The only apparent 
effect of the catalytic agent — platinized asbestos, etc. — is to accelerate the reaction, 
and if these agents be absent, the time required to make 80 per cent, of hydrogen 
iodide from the mixture of hydrogen and iodine is much longer. Once this pro- 
portion of hydrogen iodide has been formed, the composition of the exit gases remains 
unchanged, however long the mixture may he heated at 440°, with or without the 
catalytic agents. 

Bimolecular reaction. — In the bimoleeular reaction A+B^M+N, let and 
C B respectively denote the concentrations of the substances A and B, expressed 
in mol. per litre. Similarly, let C M and 0 N respectively denote tbe concentrations 
of M and N. It has previously been shown that the speed of the reaction is equal 
to tbe pioduct of the affinity or the driving force of the reaction, Jc, and the con- 
centrations of the reacting substances, that is, tbe velocity of the reaction A+B is 
equal to. kC±C B . If A and B are the same, so that 2Av^M-j-N, the speed of the 
reaction at any instant will be represented by When hydrogen iodide 

dissociates : 2HL==^H 2 +l2- The speed of the -> reaction at any instant will be 
represented by JcCja 2, ; and the speed of the <— reaction by Tc'CiC^. When equilibrium 
occurs, the speeds of these two reactions are the same, and therefore the conditioi 
oi equilibrium is W^VCA or A=A/fc / =G H 0 I /0 H i 2 . At 440°, when the system 
is in equilibrium, nearly 20 per cent, of the hydrogen iodide will have dissociated 
Hence, at 440° (80 per cent.) 2BJv^H 2 +I a (20 per cent.). This means that if IOC 
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mol. ol hydrogen iodide be heated to 440°, in a cloeed T«eel, twerty^l have di* 
sociateri when the system is m equilibrium. Hence C 31 =80-~Cw —640) and 
Bocmte^wnen y^ or fa ss0i£M . This means that at 440 when 

the" concentration of the hydrogen and iodine is unity, these gases will combine 64 
times as fast as hydrogen iodide of unit concentration will ration 

observed that each of the direct and reverse reactions is a bunoiecular reaction 
because two molecules are involved in each operation. M. Bodenstem found . t . 
decomposition of hydrogen iodide by heat proceeds as abmdecular reaction 
2HI^H 2 +I 2 ; and in light, as a ummolecular reaction: HR-H+I, so that tne 
mechanism of the two reactions is different. . . . , aB+ 

The kinetic theory of chemical action.— The kinetic theory gives an interest- 
ing view of chemical action. Imagine a vessel filled with a mixture of equal volumes 
of iodine and hydrogen gases. The molecules of hydrogen and iodine must be 
continually crashing together. A certain proportion of these collisions will be 
chemically fruitful and result in chemical change. In the earlier stages of the 
reaction, the number of collisions per second between the hydrogen and iodine 
molecules will be relatively great, but later, as the hydrogen iodide accumulates, 
the number of collisions between the hydrogen and iodine molecules will become 
fewer and fewer, and accordingly, the speed of formation of hydrogen iodide will 
become less and less. The law of mass action can he deduced from the kinetic 
theory of gases as shown by J. J. Thomson 8 in his memoir The Chemical Combination 


01 \JdSOS- 

Similarly, when two hydrogen iodide molecules crash together, a certain pro - 
portion of the collisions will result in a dissociation, so that an iodine and a hydrogen 
molecule will result. At first, the number of these collisions will be few and far 
between, but, as hydrogen iodide accumulates in the system, the number of collisions 
between these molecules will -increase. Finally, when the number of chemically 
fruitful collisions per second between the iodine and hydrogen molecules is equal 
to the number of chemically fruitful collisions between the hydrogen iodide, mole- 
cules, the system will subsequently undergo no perceptible change. Obviously, 
this does not mean that chemical action has oeased. Every time the proper mole- 
cules collide under the right conditions, hydrogen iodide will be formed or dissociated. 
Both changes proceed with the same velocity, and consequently the composition 
of the gas as a whole does not alter. Although it is said that when two Opposing 
reactions are in eq uilib rium, the system is at a standstill, the apparent equilibrium 
is not a state of real tranquillity and repose. Equilibrium is essentially dynamic 
and active, not static and passive. It is possible to say that a chemical system 
is in eq uilib rium only when its composition does not change with the lapse of time. 

If all the moleoules of a reacting substance are alike, why do they not all undergo 
change at the same instant 1 What regulates the speed of the reaction in such a 
way that only a certain fraotion of the total number of molecules changes in a given 
time ? At first sight it seems that if all the molecules are in the same condition, 
then, either no chemical change will take place at all, or else all the moleoules in a 
uniform mixture of two gases, which can react with one another, must undergo 
transformation at the same instant. The answer returned by the kinetic theory 
is somewhat as follows : According to the kinetic theory, the average velocity of 
the molecules becomes greater and greater as the temp, rises ; and that although 
the average velocity is constant at any particular temp., the velocities of the faster- 
moving molecules may finally become so great that the crash, on collision, displaces 
the atoms from their position of equilibrium in the molecules. Take the case of 
water, H 2 0. A rise of temp, not only accelerates the movements of translation 
of the moleoules themselves, but it probably also increases the amplitudes and the 
velocities of the cyclic motions of the atoms within the molecule. The atomic 
movements may become so violent that the atoms of one or both molecules arc 
thrown out of the sphere of one another’s attraction, and it is no longer possible 
for the hydrogen and oxygen molecules in the swifter molecules to remain combined 
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In other words, the molecules are dissociated. The dissociation of the gas is only 
partial, because the faster-moving molecules break down first. There is a kind of 
struggle for existence ; the slower-moving molecules are the fittest to survive. 
It is, however, still possible for the atoms of hydrogen and oxygen to unite each to 
each forming elementary molecules H 2 and 0 2 ; but if a still higher temp, be applied, 
even these combinations become unstable, and the two-atom molecules dissociate 
into one-atom molecules, for the atoms themselves then become mutually independent 
free-r overs. 

It is not likely that mere shock on collision, or that mere speed of moleculaj 
motion, is sufficient to determine chemical action, the selective attraction of the 
atoms of the paired colliding molecules must play an essential part. A. Kekul6 4 
assumed that the first phase in a chemical reaction is the juxtaposition of the mole- 
cules involving the formation of what he called a loosely- jointed poly molecule, and 
that the component atoms of the coupled molecules undergo rearrangement and 
take up positions compatible with the formation of stable systems. When the 
one-atom molecules collide, they enter the sphere of one another’s attraction, and, 
if the velocities of the colliding molecules be not too great, the atoms may remain 
in contact re-forming a two-atom molecule. As before, when the speeds of dis- 
sociation and re-combination are equal, the system is in equilihrium. 

Dissociation and combination are partial and incomplete. — As the temp, 
rises, the average velocity of the molecules of a gas beoome greater and greater. 
Although the average velocity of the molecules of a gas is constant at any temp., the 
velocities of individual molecules must vary considerably because of collisions, etc. 
It is possible that collisions between the faster-moving molecules of hydrogen iodide, 
alone, result in dissociation : 2 HI=I 2 -(-H 2 ; and that collisions between the 
slower-moving molecules of hydrogen iodide do not produce dissociation : similarly, 
it may be that collisions between the slower-moving molecules of hydrogen and 
iodine alone result in the formation of hydrogen iodide ; and collisions between the 
fastest molecules do not lead to chemical action. Hence we can see how but a 
certain proportion of the collisions are chemically fruitful. This view of the action 
leads to several other interesting inferences, but since direct proof of the fundamental 
hypothesis is wanting, sufficient has been given to indicate the trend of modem 
thought. 

The action of stimulants — contact action. — The speed of dissociation of 
hydrogen iodide at 518° is augmented threefold by raising the press, from 0’5 to 
2 atm. The tremendous condensation of gases on the surfaces of such substances 
as platinized asbestos, platinum black, charcoal, etc., shows that the layer of gas 
near the surfaces of these substances must be very cone. E. Mitscherlich (1843) 6 
estimated that when gaseous carbon dioxide is condensed on wood charcoal in layers 
about 0*005 mm. thick, the gaseous layer is nearly as dense as liquid carbon dioxide. 
Hence, it follows that the concentration of the molecules of one or both the reacting 
gases must be very great near the surface of the catalytic agent ; and since the 
' temp, is not altered, the average speed of the molecules will be the same ; accord- 
ingly, the total number of collisions, and the number of chemically fruitful collisions 
in unit time, will be augmented. This means that the speeds of formation and 
dissociation of hydrogen iodide will be stimulated in the presence of such substances 
as platinized asbestos, etc. In other words, these substances act as catalytic agents. 

A catalytic agent can alter the speed of a chemical action, but it cannot alter 
the condition of equilibrium. — Although the speed of a chemical reaction 
is modified by the presence of a catalytio agent, the final state of equilibrium is not 
affected. If otherwise, J. H. van’t Hoff showed that we could allow these sub- 
stances to react alternately with and without the catalytic agent ; this would involve 
a change in the quantity combined, and the energy thus obtained could be made to 
do work. This would lead to perpetual motion, which is assumed to be impossible. 
This deduction has been confirmed experimentally with hydrogen iodide with and 
without platinum black. ‘ Hence, adds W. Nernst, the catalyst must always affect 
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the velocity of the reverse reaction. If the added substance increases the speed 
of formation of a substance, it must equally increase its velocity of decomposition. 

A given reaction may proceed at different rates in different solvents. Thus, N. 
Menschutkin 6 found that the velocity of the reaction N^Hs^+C^Hg^N^gHg^I 
is nearly a thousand times as fast in benzyl alcohol as it is in hexane as solvent. 
H. von Halban and A. Kixsch found the decomposition of xanthogenic acid, 
HSSCOC 2 H 5 =CS 2 +CaH 5 OH ) is nearly a million times as fast in alcohol as it is in 
carbon disulphide ; both these solvents are decomposition products of the reactions. 
Similarly, J. T. Cundall found the dissociation of nitrogen peroxide, N 2 0 4 , when 
gaseous is n early a hundred times as fast as when dissolved in chloroform. If it 
be right to assume that in each case the solvent at the end of the reaction remains 
in the same condition as at the beginning, the solvent can be regarded as a catalytic 
agent. Eor by d efinit ion a catalytic agent is one that inaugurates or alters the 
speed of a reaction without itself being changed in amount or kind at the end of 
the reaction. When a solvent acts catalytically, its mass is relatively large ; the 
more striking examples of catalysis are those in which a relatively min ute pro- 
portion of the catalytic agent produces great effects. 

W. D. Bancroft expressed the opinion that something has been overlooked in 
J. H. van’t Hoff’s thermodynamic demonstration, for if in contact catalyzes only 
those substances which are adsorbed by the solid catalyst are affected catalytically, 
the solid catalytic agent may be regarded as eq. to a solvent, and may therefore 
displace the eq uilib rium of the adsorbed reacting substances. If, further, the 
products of the reaction are not selectively adsorbed by the solid but immediately 
liberated as a gaseous phase, it follows that the equilibrium will appear to bo dis- 
placed by the catalytic agent. 0. Dimroth (1913) could detect no relation between 
any of the physical constants of solvents and their effect on the state of equilibrium 
of balanced reactions, but he considers that the phenomenon is related to the 
solubilities of the reacting molecules such that in the reaction As=±B, if K is the 
equilibrium constant independent of the nature of the solvent, and if C x and C 2 
denote the respective concentration of A and B and jS x and S 2 , their solubilities, 
instead of writing ^i/C 2 == const ant, he writes C 1 /C 2 =N(/S 1 /^ 2 )- This has been 
established for a few organic compounds, but in other cases the rule broke down. 

The relative frequency of uni- and bi-molecular reactions. — Uni- and 
bi-molecular reactions are very much more frequent than more complex reactions 
involving three or more molecules. This applies more particularly to reactions in 
gaseous systems. The number of Unary collisions per second must be very much 
greater than the number of simultaneous collisions between, say, ilirce molecules. 

The idea can perhaps be Illustrated by supposing that n white, n black, and m rod balls, 
mixed up in a bowl, represent a swarm of reacting molecules. We are taught in algobra 
that the probability of drawing, in a binary combination, a white and a black ball is 
2n s (2n+f»)- 1 (2n-f«t— 1) _1 ; ana the probability of drawing a black, whito, and rod ball 
is 2) -1 . The probability of the binary combination 

against the ternary combination is as (2 n-fm — 2) is to 2m. If m is very small in comparison 
with Ti the probability m favour of the binary combination is very great. In one c.c. of 
gas at 0° and 760 mm., n is of the order 10 1 *. 

By an application of the mathematical theory of probability (Bernoulli’s theorem) 
to a swarm of reacting molecules, moving according to the postulates of the kinetic 
theory of gases, a relation similar to C. M. Guldberg and P. Waage’s law of chemical 
equilibrium will be obtained, viz. if a reaction between a number of substances, 
say A, B, M, N, can be represented by the equation : mA+wB^^M-f-jN, and if 
the concentrations of the reacting substanoes be respectively denoted by [AJ, [B], 
[M], [N], then, when the system is in equilibrium, the concentrations of the reacting 
molecules will be so related that fc 1 [A] m [B]" : ^ 2 [M]P[Nl«, where ^ and yfeg 
are constants; and the equilibrium constant = k 2 /ki — K. Consequently, 
S. Y. Sjanosohentzky (1908) 7 was led to say : Guldberg and Waage’s law is not 
an independent hypothesis, but is rather a logical consequence of the kinetic theory 
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of gases. This deduction is independent of any hypothesis as to the affinity of 
the reacting molecules, and hence it is probable that affinity does not exert any 
appreciable influence on the translatory movements of the unpaired molecules, 
but is only exerted momentarily when the atoms of the paired molecules during 
copulation are settling down into a condition of equilibrium. Similarly, it follows 
that the so-called affinity constants jfej. and h 2 in C. M. Guldberg and P. Waage’s 
equation include at least two factors, one of which is dependent on and the other 
independent of the affinity between the reacting molecules. 

When several molecules are involved in a chemical process : (1) If the reaction 
is dependent on the juxtaposition of three or more reacting molecules, it is likely 
to be extremely slow ; or (2) One or more intermediate reactions may be involved — 
one molecule, for instance, may unite with another molecule, and the pair (inter- 
mediate compound) later collide and react with a third molecule (consecutive 
reaction) ; or (3) The reaction may be localized in the vicinity of a solid where the 
reacting molecules form a dense layer and are comparatively close together (contact 
action). 

The effect of temperature on equilibria. — Chemical reactions generally 
proceed more quickly at high than at low temp. D. Amato 8 says a mixture of 
hydrogen and chlorine, cooled to — 12°, does not react in light, even if exposed for 
hours to direct sunlight ; and J. H. Kastle and W. A. Beatty found that in darkness 

hydrogen and bromine combine very slowly at 196°, and n so J 

in sunlight, the change is rapid at 196° and slow at’100°. i| ; 4+tf : : 

On the other hand, there -are some reactions whose | ee = 

speed is diminished with a rise of temp., and others fi ^ TlTl =:; -^:; : = = = = = 

again in which the reaction is reversed by raising the so = 

temp. It is probable that when the speed of a reaction 'h = rffb i ; 

is slow enough for convenient measurement, the relative | ts \ j-j-j-j- 

number of reacting or active molecules is small. The ^ :±n£::::: ::::::::: 

increase in the number of active molecules with temp. 70 !s*r 

increases with the sp. ht. G v and the increase in the Temperature 

speed of the reaction is greater the greater the valne _ , __ x 

£ n & & Fig. i . — Effect of Heat on 

01 . . the Dissociation of Hydro - 

The proportion of hydrogen iodide dissociated gen iodide. 
decreases with rise of temp, so long as the temp, does 

not exceed about 320° ; above that critical temp., the higher the temp, the 
greater the amount of hydrogen iodide dissociated. This is illustrated by the 
graph, Fig. 4. The thermal value of the reaction changes sign at about the 
same critical temp. ; for instance, at 18°, the union of hydrogen and iodine is an 
endothermal reaction : H 2 +l2=2HI — 6'1 Cals. ; and at 520°, exothermal : H 2 +I 2 
=2HI+4*4 Cals. Experience shows that a rise of temp, always favours endothermal 
reactions. When a system is in physical or chemical equilibrium a rise of temperature 
promotes the formation of those products which are formed with an absorption of heat ; 
a rise of temperature resists the formation of 'those products formed with an evolution 
of heat ; and a change of temperature has no effect on the equilibrium thermally neutral — 
J. H. van’t Hoff’s equilibriuin law (1884). 9 The law is a special case of the 
great principle of reversibility. If an exothermal reaction becomes endothermal 
at a high temp., there is a curious paradox : A compound may be stable at 
temperatures exceeding that at which it dissociates. The case of hydrogen 
iodide is particularly instructive. The change in the thermal value of the Teaotion 
corresponds with a change in the effect of a rise of temp, on the equilibrium. The 
quantitative side of this rule has already been discussed, and W. Nernst 10 has 
shown for the reaction H 2 +l2=2HI, the equation : log AC=540’4I T ~ 1 — 0*503 log T 
+2*35, represents the relation between the equilibrium and the absolute temp. T, 
in agreement with the observations of G. Lemoine (1877), P. Stegmuller (1907), 
M. Bodenstein (1894), and K. Y. von Falckenstein (1910). For the equilibrium 
H 2 +Br 2 ^2HBr, the equation log IT=5223T- 1 -— 0*533 log T— 2*72 is similarly 
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employed for the observations of K. V. von Falckenstein (1910), and M. Bodensteir 
and A. Geiger (1904) ; and for the equilibrium H 2 -j-Cl 2 ^2HCl, the equatior 
log 2T— 9554T“ 1 — 0‘553 log T-f- 2*42 is used for the observations of M. Bodensteir 
and A. Geiger (1904). The comparison of the percentage degree of dissociation oJ 
the hydrogen compounds of the three halogens in Table HI, calculated by 


T aht.h; ill . — PnacmiN’T.A.QEi Dissociation or xhe Hydboobn Haxidbs at Dm’suusNO? 
Tbmpkbawres . 


Teruperaturf 

T° K. 

| Percentage dissociation. 

HOI 

... 

HBr 1 

HOC 

290° 

2*61 X 10“ 1B 

4-14x10-8 

0-2 

500“ 

l-92xl0- 8 

2*01 xlO-* 

16-6 

700° 

1-12 x 10“ 8 

8-93 X 10“ 3 

22-2 

900° 

3-98 X 10“* 

7-18x10-“ 

27-0 

1000- 

1-34x10-8 

0-144 

29-0 

1500° 

6*10X10“* 

1-19 

— 

2000“ 

0-41 

3-40 


2600’ 

1-30 

— 



E. Pollitzer, emphasizes how the tendency of the hydrogen halides to dissociation 
increases as the at. wt. of the halogen increases. At the higher temp., the results 
are complicated by the dissociation of the two-atom molecules of the halogen into 
one-atom molecules. The free energy of the reaction ^H 2 -j-^I 2 Krt3 — HI, at T° IC 
according to F. Haber, is — 89 575— 1‘575T log r+0‘00549T2+.Rr log (P n i/Pi o P H J* 
+2*67 T. The equation is not consistent with results obtained in other ways— 
possibly, as F. Haber suggested, owing to dissociation. G. N. Lewis and M. Randall 
give — 1340 4-0 ‘000725 T 2 — 2‘48T ; and if solid iodine be used, 71104-3 35T 
log T— 0-00275T 2 — 41-846T. 

The principle applies to physical equilibria. When anhydrous sodium sulphate 
is dissolved in water, heat is evolved, and its solubility decreases with a rise of temp. ; 
hydrated sodium sulphate dissolves in water with an absorption of heat, and its 
solubility increases with rise of temp. The vaporization of water is an endothermal 
reaction, and hence a rise of temp, favours vaporization, for it increases the con- 
centration of the vapour phase. 

The effect of pressure on equilibria. — The principle is also applicable to other 
forms of energy. Increasing the press, of a dissociating compound decreases 
the amount of dissociation, and this presumably relieves the strain set up by the 
increased press. Thus : when a system is in a state of physical or chemical equilibrium, 
an increase of pressure favours the system formed with a decrease in volume ; a reduction 
of pressure favours the system formed until an increase in volume ; and a change of 
pressure has no effect on a system formed without a change in volume — G: Robin’s 
law (1879) ; :t i Thus, hydrogen iodide is formed from hydrogen and iodine without 
a ohange in volume, and the state of equilibrium is not affected by variations of 
press. When ice melts, the liquid occupies a smaller volume than an eq. amount of 
lc ? ^ and experiment shows that -the m.p. of ice is lowered by press in agreement 
with the law. With sulphur, the converse is true. The m.p. of sulphur is raised 
by press., but the liquid phase has a greater sp. vol. than the solid phase. 

The principle of least effort. — The principle of least action underlies all these 
rules, and it is of great service and of wide application. P. L. M. Maupertius fore- 
shadowed the idea in 1747 : All natural changes take place in such a way that the 

noi °A -t f 8uf ? Ta i ea ! t P°® sible change ; or, as W. Dl Bancroft 
l * 1 - 15 e *P resse f it -A system tends to change so as to minimize the effects 
of an external disturbing force. This has been called the principle of the 
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opposition of reactions to further change, and it was stated in general terms by 
H. le Chatelier : Tf a system in physical or chemical equilibrium be subjected to a stress 
involving a change of temperature , pressure, concentration , etc., the state of the system, 
will automatically tend to alter so as to undo the effect of the stress — H. le Chatelier ’s 
law (188S). 12 For instance, if the temp, of a system in equilibrium be raised a few 
degrees, the state of the system will ohange so as to induce the formation of that 
component or phase which absorbs most heat, and accordingly tend to lower the 
temp. If the -> reaction be exothermal the change will proceed in the reverse 
direction ; and if the reaction be endothermal, the system, will change in the 
same direction. Again, if the press, of the dissociating iodine I 2 (one vol.) =21 (2 vols.) 
be increased, the state of the system will change so that the volume is diminished ; 
and conversely, if the press, be reduced, the state of the system will change so that 
the volume is increased, that is, the less the press, the greater the amount of iodine 
dissociated. In the case of soln., an increase of concentration will induce the 
formation of that component or phase which will lower the concentration of the 
solute added ; and an increase of vap. press, will lead to the formation of that 
component or phase which will reduce the vap. press., etc. 

Again, in virtue of H. le Chatelier’s rule that all compounds tend to change in 
such a way as to relieve the disturbing effects of the strain, W. D. Bancroft showed 
that light will tend to destroy all substances which absorb it — e.g. chlorine in a 
mixture of hydrogen and chlorine — and just as all compounds absorb light rays of a 
certain wave-length, so must all compounds be sensitive to such rays. The rule, 
however, gives no inkling whether the given stimulus will actually produce a change. 
Thus, no appreciable change takes place with copper sulphate ; nor with chromium 
sulphate unless a catalytic agent be present ; there is a visible decomposition with 
silver salts ; and in some cases fluorescent or phosphorescent phenomena occur. 
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§ 5. The Union of Hydrogen and Chlorine in Light 

On August 10th, 1801, W. Cruickshank 1 noticed the gradual combination of 
oxygenated muriatic acid ( i.e . chlorine) with hydrogen, hydrocarbons, and carbon 
monoxide. He said : — 

If the pure oxigenated muriatic acid, in the form of a gas, be mixed in certain proportions 
with any of these inflammable gases and introduced into a bottle filled with and inverted 
over water, though no immediate, action may be at first perceptible , yot, in twenty -four hours 
a complete decomposition will be found to have taken place, the products varying according 
to the nature of the gases employed. ... I introduced into a phial with a glass stopper, 
filled with and inverted over water, one measure of pure hydrogen and afterwards two 
measures of very pure oxigenated muriatic gas, this nearly filled the bottle ; the stopper, 
was then introduced very tight under water, and before the stopper was introduced, a 
whitish cloud appeared in the mixture yet very little or no diminution could be observed . . . ; 
at the end of twenty-four hours when the stopper was withdrawn the whole of tho gas 
instantly disappeared except about one- tenth of a measure, which was found to bo azoto, 
and must have been originally contained in the two measures of oxigenated muriatic acid 
and water, for the water in the phial contained common muriatic acid, but did not in the 
least smell of the oxigenated acid. 

On February 27th, 1809, J. L. Gay Lussac and L. J. Thdnard confined a mixture 
containing equal volumes of hydrogen and chlorine in darkness and another mixture 
in light for several days. The characteristic colour of the chlorine disappeared in 



Fia. 5. — Hydrogen-Chlorine Actinometer, 


less than a quarter of an hour in the vessel exposed to light, while the green colour 
of the chlorine in the other appeared to have suffered no change. 


Being now no longer able, after these experiments, to doubt the influonco of light in 
the combination of these two gases, and judging from the rapidity with wlxich it has 
operated, that if the light had been much more vivid it would have operated much more 
quickly, we made new mixtures and exposed them to the sun. Scarcely had they boon 
exposed when they suddenly inflamed with a loud detonation, and tho jars wore reduced 
to splinters, and projected to a great distance. Fortunately, we had providod against such 
occurrences, and had taken precautions to secure ourselves against accident. 


John Dalton also noted in June of the same year that on repeating W. Cruickshank’s 
experiment, “ the gases after being put together over water seemed to have no 
effect for one or two minutes, when suddenly the mixture began to diminish with 
rapidity,” the hydrogen chloride of course was absorbed by the liquid in contact 
with the gas as fast as it was formed. J. W. Draper constructed an instrument — 
which he first called the Phonometer and afterwards changed the name to the ohlor- 
hy&rogm photometer — intended to measure the rate of combination of tho two gases 
under the influence of light from the contraction which occurred as the hydrogen 
formed is absorbed *7 the confining liquid. The contraction was 
indicated by the movement of the liquid along an index. 
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the latter ; but modified in some details. The mixture of hydrogen and chlorine from the 
electrolytic cell enters the tube A, and bubbles through the -water in the flattened bulb 
of thin glass, F ; the gases pass along the tube E, and after bubbling through the water in D, 
escape mto the fume-chamber. The tube B with the 3 -way cock 0 is convenient for intro- 
ducing other gases into the system. The funnel-tube 0 and the cock H are convenient for 
introducing liquids into F. There is a ground joint at E useful for disconnecting the index 
tube EID ; and the cock I is useful for arresting the liquid in D. With the cocks H closed, 0 
and I open, the gases from the electrolytic oell are passed through the apparatus long enough 
to expel all the air, and saturate the liquids in the system. When all is in equilibriu m , and 
a mixture of hydrogen and oxygen in equal volumes is slowly passing through the system, 
the oock Q is closed. The position of the liquid in the index tube is noted when movement 
has ceased. If the bulb F be illuminated by the light from an oil-lamp or gas-flame, as 
hydrogen chloride is formed, it is absorbed by the liquid in the lower part of F, and the 
resulting contraction is measured by the left-to-right motion of the liquid in the index 
tube IE. 


Starting with a mixture of hydrogen and chlorine — prepared "by the electrolysis 
of hydrochloric acid in darkness — no movement was observed for 600 seconds after 
the commencement of exposure, and after that the time occupied by the liquid 
in moving over the 1st, 2nd, 3rd, 4th, and 5th divisions of the scale was respectively 
480, 165, 130, 95, and 93 seconds, and thereafter it moved regularly at the same rate. 
These results are graphed in Fig. 6, as average velocities per second. Starting from 
the moment the mixture is illumi- 
nated by a steady source of light, I 1 I 1 I 1 1 I 1 I i I 1 I 

there is (i). what V. H. Velev 2 1 8 °- 0l40 \ 1 | | 1 1 I 1 1 1 II II T~ 

afterwards called a ‘period of inert- ^ 5^'^ | 


ness, during which there is no ^ 
visible sign of chemical action ; |;| ° q 

(ii) a period of acceleration , during ^ c 
which the rate of combination « * 
gradually increases to a maxi- 
mom; and (iii) a steady state 
where the rate of the reaction is 


install 



Period of induction 


uniform and regular. If hydro- 6 . -The Rate of Combination of Hydrogen and 
, Chlorine during the Insolation of the Mixture when 

gen and chlorine be exposed to a the product of the Reaction is removed from the 

bright flash of light there is a system as fast as it is formed, 

momentary expansion — called the 

Draper effect, because it was first noted by J. W. Draper. This phenomenon is 
different from the Budde effect, for it is a secondary result of the heat liberated 
during the reaction ; after a large number of Draper effects the amount of chemical 
change is measurable. It is therefore probable that there is no real period of 
inertness, but the amount of chemical action during the earlier stages of the reaction 
is too small to be detected. The initial period occupied by the reaction in 
assuming the steady state was called by B. Bunsen and H. E. Koscoo 3 the period 
of photochemical induction : 


At one time bodies are enabled to follow the attraction of their chemical forces, whilst 
at another time they are prevented from doing so by forces acting in an opposite direction. 
These opposite attractions which must be overcome in order that the chemical combination 
should take place, may be presented to the mind under the image of a resistance similar 
to that occurring in friction, in the passage of electricity through conductors, in the dis- 
tribution of magnetism in steel, or in the conduction of heat. We overcome this resistance 
when we quicken the formation of a precipitate by agitation, or when, by increase of temp., 
by catalytic action, or by insolation, we cause a chemical action to occur. . . . The act by 
which the resistance to combination is diminished, and the combining power thus brought 
into greater activity, we called chemical induction ; and we specify this as photo-chemical, 
thermo-chemical, electro-chemical, and ideo-chemical, according as light, heat,’ electricity, 
or pure chemical action is the active agent concerned in overcoming the chemical resistance. 


It was recognized that the initial period is characteristic of many other reactions 
not dependent on light, and it was called the period o! induction. Such a period 
has been observed in the action of acids on zinc ; of nitric acid on copper ; of 
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sulphurous on iodic acid ; of bromine on organic acids ; and M. Berthelot and 
L p de St. Gilles also noticed what they called une acceleration initiate m the action 
of acids on alcohol. J. W. Diaper believed that the first action of light was to 
induce a more active allotropic modification of the chlorine ; E. Pringsheim, 
J. W. Mellor, P. V. Bevan believed that some intermediate compound is formed in 
the initial stages of the reaction ; but C. H. Burgess and D. L. Chapman showed 
that the system probably contains some impurity which must be destroyed by the 
light before the chlorine and hydrogen can react. 

There is no general cause for the period of induction applicable to all reactions. 
TAt-pIm ding disturbances arising from the imperfect mixin g of the reacting substances, 
from the heat of the reaction, and from the preliminary saturation of a liquid by 
a gas before the speed of a reaction can he measured by the rate of evolution of a 
gas, etc., three causes of a period of induction have been recognized. (1) The 
final products of the reaction are produced after certain intermediate products have 
been formed. (2) The main reaction may be accelerated catalytically by the 
products of the reaction— e.g. A. Y. Harcourt and W. Esson_ showed that the 
manganese sulphate produced during the reaction between potassium permanganate 
and oxalic acid in the presence of sulphuric acid accelerates the reaction. (3) The 
overcoming of a passive resistance of some kind, or the destruction of a negative 
or inhibitory catalyst as is supposed by C. H. Burgess and IX L. Chapman to occur 
when light acts on a mixture of hydrogen and chlorine contai n ing a trace of nitrogen 
chloride. _ _ _ • 

A period of induction is characteristic of chemical reactions which take place 
in a series of intermediate stages. This is a necessary consequence of the law of 
mass action. 'The duration of the period depends on the relative magnitude of the 
velocity constants of the intermediate reactions. For example, with the reaction 
A=M=B, the rate of formation of the intermediate compound, M in the A=M 
reaction, will be quickest at the start, and the rate of formation of B by the destruction 
of M in the M=B reaction will be slowest at first, and increase with time as the 
amount of M accumulates in the system. At first, during the period of acceleration, 
the speed of the A=M reaction exerts a preponderating influence and M accumulates 
in the system ; but the increasing speed of the M=B reaction gradually neutralizes 
the effect of the first reaction, until the rate of formation of M by the A=M reaction is 
equal to the rate of its destruction by the M=B reaction, and finally, the M is con- 
sumed faster than it is formed. The amount of M in the system at any moment 
thus determines the rate of formation of B, so that the curves showing (i) the rate 
of formation of B, and (ii) the amount of M in the system at different moments, are 
similar in shape. This is illustrated by the dotted line in Fig. 6. The duration of 
the period of induction naturally depends upon the relative Bpeeds of the two 
reactions. If the rate of formation of the intermediate compound is immeasurably 
fast, there will be no appreciable period of induction. 

In the ease of the hydrogen-chlorine reaction, the intermediate compound M, 
by J. W. Draper’s hypothesis, is allotropic or active chlorine ; by E. Pringshcim’s 
hypothesis, 4 chlorine monoxide or some analogous compound. Having shown that 
the additive chlorine monoxide does not accelerate the reaction or abbreviate the 
period of induction, an imaginary intermediate compound was postulated of a more 
indefinite and vague form : jcC^.yHgO.zHa. One naturally shirks vague hypotheses 
of this type, hut we are always confronted with the fact that the presence of the 
third component, water, seems necessary for this reaction. There are also many 
other reactions in which it seems necessary to assume either the formation of a 
complex intermediate compound of this type, or else a sequence of consecutive 
chemical reactions in which water plays an essential part. The reason for including 
water in the formula of the imaginary intermediate compound is to indicate that the 
formation of hydrogen chloride from the mixed gases, in light, seems to be dependent 
on its presence. In the absence of water, the dry insolated gases unite with great 
difficulty, if at all. 
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If the formation of an intermediate compound be the source of the activity of 
the chlorohydrogen mixture, this compound must be moderately stable in the 
presence of chlorine and hydrogen gases because J. W. Draper found evidence that 
it was not decomposed immediately the illuminated mixture of hydrogen and 
chlorine is darkened. He says that he kept a pre-illnminated mixture of hydrogen 
and chlorine in darkness for ten hours, and on re-exposure to light, the movement of 
the liquid in the index tube commenced in a few seconds, whereas in the non- 
illuminated mixture 600 seconds elapsed before any movement was visible. This 
showed that the change which occurs in the mix ture is not transient, but can persist 
for some hours. R. Bunsen and H. E. Roscoe denied that previously insolated 
chlorine instantly gives rise to hydrogen chloride on exposure to light ; P. V. Bevan 
showed that J. w . Draper’s observation is accurate, but the increased power so 
acquired by chlorine is lost when the gas is passed through water. Whatever is 
formed during the action in light is therefore either decomposed or washed out of 
the gas when bubbled through water. R. Bunsen and H. E. Roscoe’s failure to 
verify J. W. Draper’s observation was due to their having bubbled the gas through 
water before it was tested. If Xq be the activity of a mixture of hydrogen and 
chlorine combining in light, 6 and x the activity at the time t, J. W. Mellor found that 
x—XQe^-z' 2 * for his actino meter. C. JEL Burgess and D. L. Chapman noted that 
by shaking the actinometer with a mixture of hydrogen and chlorine, which has 
been insolated, the induction period on re-expoaure is shorter than before, and by 
repetitions of this treatment, the actinometer is finally brought into such a con- 
dition that there is no period of induction on re-exposure. This makes it appear 
as if the liquid is sat. with the intermediate compound M. When the absorbing 
liquid in the actinometer is replaced by aq. soln. of salts or acids — e.g. barium 
chloride — the induction period was prolonged, this makes it appear as if the inter- 
mediate compound is not stable in the presence of certain agents. 

C. H. Burgess and D. L. Chapman found the presence of ammonia — even in very 
small traces — makes chlorine particularly inert towards the hydrogen in light. It 
is assumed that the ammonia is converted into nitrogen chloride by the chlorine, and 
that it is nitrogen chloride which is the inhibiting agent. D. L. Chapman estimates 
that the presence of 10~° molecular parts of nitrogen chloride makes a sensitive 
mixture of hydrogen and chlorine a hundred times less sensitive than when the 
inhibiting agent is absent. He further found that oxygen, nitric oxide, chlorine 
peroxide, nitrosyl chloride, nitrogen peroxide, and ozone act as inhibitors. The 
mixture is indifferent to the presence of carbon dioxide, nitrogen, and reducing 
substances generally. Hence, says D. I/. Chapman, 


The so-called induction period is caused 
impurity- — nitrogen chloride — which must 
the chlorine and hydrogen can interact. 


by the presence in the gas of a powerful inhibitive 
be completely removed from the gases before 


Further, D. Ii. Chapman and co-workers 0 have made the interesting and im- 
portant observation that if the chlorine gas be freed from traces of certain impurities, 
present in the ordinary distilled water of laboratories, there is virtually no period 
of induction. It is assumed that an exceedingly minute trace of some impurity 
suffices to retard or inhibit the reaction, and that the delay in the so-called period 
of induction is really due to the time required to destroy this impurity before the 
hydrogen and ohlorme gases can unite directly : H a +Cls.=2HCL Thi* conclusion 
was confirmed by M. Bodenstein and W. Dux. 

Even if this interpretation be correct, the formation of hydrogen ohloride by the 
action of light on a moist mixture of hydrogen and chlorine is possibly attended 
by the formation of an intermediate complex of some kind. P. V. Bevan found 
that when strongly illuminated chlorine is suddenly expanded, a fine rain of con- 
densation nuclei appears when the ratio of the press, before and after expansion 
is 1*30 ; and a cloud appears when the expansion ratio is 1*4=6 ; whereas with 
darkened chlorine the cloud does not appear until the expansion ratio is 1*60. 
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Similarly, -with, the electrolytic mixture of hydrogen and chlorine, drops appear 
when the expansion ratio of the non-iUuminated gas is about 142, and T22 with 
the illuminated gas. If the illuminated gas in which hydrogen chloride is forming 
be expanded sufficiently to produce a cloud, the formation of hydrogen chloride 
ceases. Hence, argues P. Y. Bevan, the addition compounds of the type C1 2 .H 2 0 are 
formed in illuminated chlorine, and their presence is the cause of the difference 
between illuminated and non-illuminated chlorine ; and the formation of hydrogen 
chloride is due to the preliminary formation of the complex Cl 2 .H 2 O.H 2 - J. W. Mellor 
(1902) also assumed the possible formation of the complex zClo.^/HaChsHg as an 
intermediate stage in the reaction. M. Bodenstein and W. Dux found that the 
presence of water vapour with a press, between 0‘004 and 23 mm. has no influence on 
the velocity, and this is said to he “ adequate to rule out” the assumption that this 
complex is an intermediary in the reaction. A calculation of the number of water 
molecules per o.c, of gas represented by these press, would have shown that this is 
by no means the case. C. H. Burgess and D. L. Chapman (1906) conclude that the 
formation of condensation nuclei observed by P. V. Bevan is not essential to the 
production of hydrogen chloride. P. Weigert argued that the action of light is 
catalytic in that it is incapable of altering the equilibrium constant in the reaction 
Cl 2 -j-CO=COCl 2 between 450° and 510°, and he assumed that the light produces 
complexes — RealctjonsJcerne — of some kind which act in an analogous manner to the 
action of the particles of platinum, in a colloidal soln. of that metal, on the decom- 
position of hydrogen peroxide. 

Photoelectric action. — The fact that a negatively charged body rapidly loses 
its negative charge when exposed to ultra-violet light, while a positively charged 
body retains its positive, charge was discovered by W.Hallwachs in 1888. 7 It was 
further shown that an insulated polished metal plate acquires a positive charge 
under similar conditions. These effects are known as the Hallwactis effect or the 
‘photoelectric effect. J. Elster and H. Geitel showed that the more electropositive the 
metal the greater its sensitiveness. The effect may he complicated by the nature of 
the surface, and. by the presence of absorbed layers of gas. The alkali metals are 
exteemely sensitive to this phenomenon, indeed, they exhibit the effect with rays 
of the visible spectrum — for example, the sensitiveness of three of the alkali metals 
for the radiations in different parts of the visible spectrum are relatively : 


Blue rays 
Yellow rays 
Red rays 
White light . 


Sodium. 
7 8 
8-2 
0-2 
22-0 


3-5 

0*1 

3*0 


nubkllnm. 

87 

340 

21 

540 


5° b l £ n ^ sh . em b specific photoolectrieal 

? Ct 5 V1 £ f °T r ^ of umt density increases as the wavo-longth 
Photoe ^*^ ac tmfcy is a constitutive property, and not an additive 
or an atomic property like radioactivity. Thus, the sulphides of silver arsenic 
antimony, lead fan, and manganese are photoelectric, while sulphates’ of those 
T' n ^ ' 7? 13 Photoelectric, water is not. Pluorspa? ; many of the 
metalloids; dry hydroxides ; the halides of silver and lead ; zinc aluminium- 
h 7 P hotoel eotric activity in sunlight. The activity of metal sliifaces 
usu^y decreases rapidly m air. The presence of neither hydrogen nor oxygen 
appears to be necessary for the effect. Photometers have been constructccf for 
measurmg the intensity of light in terms of the photoelectric effect 

7 7 me T taJ ?“ zinc ’ or P ot assium the illuminated surface 8 
Photoelectric effect has received its simplest explanation in terms of the 

ufe SjffiS.'KlS'SSHJ* f «™» .1 
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convection. Measurements by P. Lenard, J. Elster and H. Geitel, A. Ladenburg, 
and otters have shown that (i) the velocity of the electrons discharged from an 
insolated metal depends only on the frequency of the incident monochromatic 
light ; and (ii) the number of the electrons emitted increases proportionately with 
the intensity of the incident light. Assuming that the energy absorbed per mol. 
in any photochemical reaction is €, A. Einstein 9 has Bhown that the quantum 
theory, applied to the photoelectric effect, furnishes the relation e=nhv, where 
« is an integer, A is a universal constant equal to 6 '62 xlO -27 , and v is the vibration 
frequency of the absorbed monochromatic radiation. This relation is called 
Einstein’s law of photochemical equivalence. Hence it follows at once that the 
amount of photochemical action will be proportional to the intensity of the 
illumination. 

Assuming the electronic structure of the atom, the photoelectric electrons 
liberated by the action of light are identified by J. Stark 10 with the valency electrons 
or the electrons which furnish the so-called chemical bonds. Photoelectric and 
photochemical changes are thus regarded as changes of the same character in that 
both are determined by the displacement or separation of electrons by the absorption 
of radiant energy. J. Stark distinguishes primary photochemical action in which 
the same valency electron which has absorbed energy causes, by collision, the 
separation of a valency electron from a neighbouring atom. J. Stark further 
postulates that primary photochemical actions (i) are nnimolecular ; (ii) are inde- 
pendent of temp. — at least for light of wave-length 450 /a/a ; and (iii) have a velocity 
proportional to the amount of active light absorbed. M. Bodenstein and W. Dux n 
further postulate that the primary reaction in the case of hydrogen chloride is 
(iv) independent of the concentration and nature of the impurities present ; and 
that (v) each molecule taking part in the change consumes one quantum (or a very 
small number of quanta) of energy. In ‘primary light reactions, the molecule is 
ruptured by the absorbed light energy into a positive radicle and an electron, so 
that for every molecule so ruptured a definite quantum of energy is necessary. The 
positive radicle simultaneously formed is chemically active. M. Bodenstein included 
the decomposition of hydrogen iodide ; the formation of ozone ; the decomposition 
of ammonia ; the transformation of A- into /A-sulphur; and the decomposition of ozone 
by chlorine in this class. In secondary light reactions, electrons attach themselves to 
the molecules which are thereby activated so that they can take part in chemical 
change. In symbols : Cl^ with light energy=Cl 2 -f-©, where © symbolizes an 
electron: Cl 2 +©=Cl 2 / . The negatively charged molecules which have gained an 
electron are then capable of reacting with hydrogen : CV+H 2 — 2HC1+©. After 
the reaction, the free electrons liberated attach themselves to other molecules, 
and so, acting like a catalytic agent, bring about the combination of an indefinitely 
large number of reacting molecules. As examples of secondary light reactions, 
M. Bodenstein cites the decomposition of ozone ; the decomposition of oxalic acid 
by uranyl nitrate ; the hydrolysis of hydrochloroplatinic acid ; the decomposition 
of hydrogen peroxide; the reaction between hydrogen iodide and oxygen; the 
formation of phosgene ; etc. 

M. Bodenstein included the reaction between hydrogen and chlorine as a 
secondary light reaction, but gave up the hypothesis that the electrons are separated 
when chlorine and hydrogen react in light, because (i) the observations of 
J. J. Thomson, and of M. le Blanc and M. Volimer show that there is no evidence 
of ionization in illuminated chlorine ; and (ii) the observations of P. Lenard, and of 
E. B. Ludlam, show that ionization, the formation of fogs as in P. Y. Bevan’s 
experiment, and chemical action are distinct and independent results of the action 
of light, and are invoked by separate regions of the spectral rays. M. Bodenstein 
therefore assumed that the absorbed energy sets the molecules of chlorine into a 
state of rapid vibration when they can react with hydrogen to produce molecules 
of hydrogen chloride possessing a high energy content ; this energy can be trans- 
ferred to other molecules of chlorine — or of oxygen if that gas be present. 
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Y. Henri and R. Wurmser is have measured the energy necessary for the photo- 
chemical decomposition of hydrogen peroxide, and obtained smaller values than 
are required by Einstein’s law of photochemical equivalence for the ratio of the 
number of molecules which have been deprived of electrons and which react directly, 
to the amount; of energy absorbed. E. C. C. Baly suggests that a portion of the 
energy in these gases is derived from the solvent ; and M. Bodenstein that if the 
electron attached to a molecule becomes free after the secondary reaction, it is 
possible that smaller values for Einstein’s ratio will result, because the energy 
required for the second separation of the electron has not been derived from the 
light. On the other hand, if the positive residue does not unite quickly enough 
with another molecule, the original molecules may be reformed, and the velocity 
of the reaction will be less than ought to have resulted from the absorbed energy. 

According to the photoelectric hypothesis, therefore, the absorption of light 
is attended by the separation of electrons proportional in number to the intensity 
of the light per unit of ill umina ted surface, but independent of temp. Since on 
the electron theory, electrolytic dissociation and the preliminary stages of photo- 
chemical action can both be regarded as eq. to the separation of negative electrons, 
W. D. Bancroft has emphasized a century-old suggestion of T. von Grotthus, 13 who 
said : 


It is in accordance with facts as I see them to compare the chemical action, of light 
with that of a voltaic cell. Light separates the constituents of many ponderablo compounds 
and forces them to form new compo unds ... just as the poles of a voltaic battery do 
to a still greater extent. 

Just as in electrolysis M. Faraday showed that the rate of electrochemical decom- 
position is proportional to the energy consumed in unit time, independently of the 
masses of the reacting substances, so in 'photolysis, the rate of the- primary photo- 
chemical action is assumed to be proportional to the consumption, or absorption, 
of radiant energy in unit time, and independent of the masses of the reacting sub- 
stances. Nearly all photoohemical reactions whioh have been investigated are 
unimolecular, as J. Stark has assumed to be characteristic of primary photolytic 
changes. For instance, while the thermal decomposition of hydrogen peroxide and 
of hydrogen iodide followB the bimolecular law, these reactions are unimolecular 
when the decomposition is effected by light. M. Wildermann 14 found, on the 
contrary, that the reaction : C 0 +Cl 2 =C 0 Cl 2 , follows the bimolecular law, and 
states that photochemical reactions are governed by the same law of mass action 
as reaction in the dark ; hut C. H. Burgess and D. L. Chapman have properly shown 
that this cannot he right, since M. Wildermann has not taken into consideration 
the dependence of the reaction on the quality and character of the light. J. Plotnikoff 
found that when bromine reacts with hydrocarbons of the ethylene type, the 
velocity is different in light and in darkness. The equilibrium conditions agree 
with the assumption that the bromine reacts as 2Br and not as Br 2 . 

The consumption of energy during photolytic reactions. — In 1818, 
T. von Grotthus 16 formulated one of the most important laws of photochemistry : 
Only those rays which are absorbed by a substance can produce chemical action . This 
statement is usually attributed to J. W. Draper, who, in 1841, showed that the 
chemical action produced by the rays of light depends on the absorption of actinic 
energy by the sensitive body ; just as an increase of temp, is produced by the 
absorption of heat energy. In 1843, J. W. Draper also showed that the amount 
of chemical action in his tithonometer is directly proportional to the time of exposure 
and to the quantify of incident rays. If, therefore, i be the time during which 
monoohromatio light of intensity 1 be absorbed by a sensitive body, the total 
energy of the radiation will be Tclt, where h is a constant dependent on the nature 
of the radiant ray. For a complex: radiation, like white light, each component 
behaves in a si milar manner, and the total energy of the radiation will be the sum 
of the effects produced by each, that is Uhlt. 
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In a letter to J. W. Goethe in 1810, T. J. Seebeck stated that a mixture of 
hydrogen and chlorine gases contained in a clear glass vessel exploded in sunshine ; 
but that under a dark blue glass, combination occurred in one minute without 
explosion ; while under a dark red glass, the action either took place very slowly or 
not at all. J. E. Berard (1813) believed that the maximum effect was produced 
by rays in the violet part of the spectrum, and in 1844, J. W. Draper showed that 
the maximum effect is produced by the indigo rays, and that the effect gradually 
diminishes towards each end of the spectrum. It is not satisfactory to define 
specific parts of the spectrum by colour. R. Bunsen and H. E. Roscoe established 
the accuracy of the main thesis which located the more active rays foT this par- 
ticular reaction, about the violet end of the spectrum. According to J. M. Eder, 
light of every colour, from the extreme violet to the extreme red, and also the 
invisible infra-red and ultra-violet rays, can cause chemioal action. All depends 
on the nature of the light sensitive medium. 

Although the rays which are absorbed by a substance are alone capable of pro- 
ducing chemical action, the converse proposition does not obtain. Only a definite 
fraction of the total radiant energy absorbed by a system can do chemical work ; 
and R. Bunsen and H. E. Roscoe inquired : What fraction of the total energy 
absorbed by a mixture of chlorine and hydrogen is utilized in chemical action ? 
They found that more energy is absorbed when light passes through a mixture of 
equal volumes of hydrogen and chlorine than when it passes through a cylinder 
containing the same amount of chlorine alone. The amount absorbed by the 
hydrogen is immeasurably small. The amount absorbed by the chlorine, called 
the optical extinction, was supposed to be spent in raising the temp, of the ohlorine ; 
and the additional amount absorbed when the ohlorine is mixed with hydrogen is 
spent in doing chemcial work, was called the photochemical extinction. Hence, they 
concluded : - 

Of the rays from a gas-jet which are absorbed by the mixture of hydrogen and chlorine, 
two-thirds serve to heat the gases, while the remaining third is spent in performing the work 
necessary to put the two gases into such a condition that they can enter into chemical 
combination. 

E. Pringsheim considered that it is purely an hypothesis to assume that the 
proportion of radiant energy which heats the gas remains the same when the gas 
is mixed with hydrogen and is undergoing chemical change. A larger proportion 
of energy may he used for activating or altering the condition of the chlorine so that 
it reacts to form hydrogen chloride. 

■ C. H. Burgess and D. L. Chapman hold that 

The light absorbed by mixtures of chlorine either with hydrogen or with an inert gas 
such as oxygen is almost the same as it would be if the same beam of light were made to 
traverse the same column of chlorine from which the diluting gas has been removed. There 
is nb indication that the light which brings about the chemical change is distinct from that 
absorbed by the ohlorine in virtue of its optical properties. The energy which brings about 
the chemical change is derived from the light absorbed by the moist chlorine. 

At present little more can be stated than is supplied by Stokes’ dynamical theory 
indicated previously. The energy absorbed by chlorine is gradually dissipated as 
heat ; and in presence of hydrogen, part of the absorbed energy confers on the gas 
the property of more readily combining with those substances for which it has an 
affinity. 

Just as in Faraday’s law the amount of electrolysis is proportional to the current 
passed through an electrolytic cell, so in Grotthus’ law, the amount of photolysis 
is proportional to the absorbed energy of short enough wave-length to start chemical 
action. The departures from apparent proportionality can be explained in a 
similar way, the former by the phenomenon of residual currents or polarization, 
the latter, as shown by P. Villard, by the existence of a limiting low exposure 
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beyond which no sign of photolysis can be detected. M. Berthelot and H. Gaudechon. 
and M. Trautz say that high frequency of vibration of light is analogous to high 
temp, in thermal reactions, so W. R. Mott says that a high vibration frequency ol 
light is analogous with decomposition voltage in electrolysis. The longer waves 
in the infra-red produce very few chemical effects, while the shorter waves in the 
violet and ultra-violet ohemically influence an enormous number of substances. 
Curves of photoelectric effects with light of different wave-lengths are similar to 
those with different decomposition voltages. The fluorides are stable and resist 
the action of light more than the other halides — e.g. silver fluoride is not appreciably 
affected by light. The decomposition voltages of the halide acids, and their 
sensitiveness to decomposition by light of different wave-lengths, run parallel. 


Tisu IV. 


Add. 

Decomposition 

voltage. 

Sensitiveness to light of different wavo-iengllis. 

Hydrofluoric add . 

2*2 

Hot decomposed by the for ultra-violet 

Hydrochlorio acid . 

1*7 

Slightly decomposed by the far ultra-violet 

Hydrobromic acid . 

1-2 

Easily decomposed by the ultra-violet 

Hydriodio acid 

0-6 

Easily decomposed by blue light 


The influence of light on the three gaseous system^ in quartz, uviol, and Jona 
glass vessels, which permitted the determination of photochemical equilibrium in 
three different parts of the spectrum, has been investigated from both sides of 
the equilibrium X 2 -fH 2 ^2HX, by A. Coehn and E. Stuckardt. The percentage 
decompositions of the hydrogen halides are as follows : 


Hydrogen iodide . 
Hydrogen bromide 
Hydrogen chloride 


Quart* glass, TJvlol glass, 

A> 220/t/i A> 264 ii/i 

. 92-2 100 

. 100’0 e. 20 

0-42 0 


Jona gloss, 
300^ 
100 
0 
0 



ultra-violet light (350-400 /z/a). 

According to E. Warburg, 16 the photolysis of hydrogen bromide by radiations 
of wave-lengths 0’209/a and 0’253/a per unit of energy absorbed increases with the 
wave-length, and nearly in the ratio required by Einstein’s theory of photochemical 
action indicated above. The law can hold only when the work required in the 
decomposition of the molecule is smaller than the quantum of the decomposinff 
radiation. This relation is fulfilled with hydrogen bromide with the two wavo- 
lengths used but is not fulfilled in the photolysis of ammonia by the wave-length 
0-209/a and of oxygen by the wave-length 0’253/a. The deviations found in the 
last two cases are therefore explained. The mathematical theory of the reaction 
has been studied by J. A. Christiansen. 

Active chlorine— Consonant with J. W. Draper 1 ! observation that chlorine 
which has been isolated is more active ohemioatfy than ohiorine which has not 
exposed to light, and that the activity persists many hours P A Eavre and 
J. T.Silbermanni^ found that the heat evolved during 7 the^tfon of Sa^ 
T U w m ® T P ota, st J greater than that of ncn-insolated chlorine by some 39 cals. 
J. W MeUra could deteot no difference by Kundt’s process for the ratio of the two 
sp. ht. of the msolated and non-insolated gas. H. V Vernon found tW 

3d change in Volume ; nor could E. Briner 
and E. Durand detect a change in volume of the order of ^th. G. Kummell and 
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P. Wobig found no difference in the relative density of illuminated and non 
illuminated chlorine. By leading the eleotrolytic gases vid separate tubes into th( 
insolation vessel of the actinometer, Pig. 5, and exposing the chlorine on its waj 
(a) to acetylene light ; or (6) to the silent discharge ; or (c) to the heat of a Bunser 
flame, J. W. Mellor (1904) found the period of induction was considerably abbre- 
viated. M. Bodenstein and H. S. Taylor estimate that with highly purified gases, 
the activity induoed by light does not persist longer than 6 XlO" -1 sec. and that th( 
observed activity of the insolated gas must be due to an entirely different cause. 

C. Kellner (1892) patented the exposing of chlorine to the silent electrical 
discharge in order to make it more reactive in the preparation of bleaching powder ; 
P. Russ (1905) also showed that chlorine activated by the silent discharge is more 
active in chlorinating benzene than ordinary chlorine. It is suggested that the 
ultra-violet rays and a certain content of moisture are necessary factors in the 
activation. According to S. Larsen, electrolytic chlorine is more active than ordinary 
chlorine, and when used for making bleaching powder, furnishes more calcium 
chloride andoxygen gas, but S. P. Perchland could detect no difference, other than 
that due to its greater content of carbon dioxide as impurity. R. Pabinyi claims 
to have prepared chlorine by different processes, each of which furnished chlorine 
water which decomposed at different rates in light ; but J. von Perentzy showed 
that the results are due to the presence of different proportions of chlorine oxide, 
as an impurity, in the chlorine prepared by diff erent processes. 
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§ 6. The Preparation o! Hydrogen Chloride and Hydrochloric Acid 

One compound of hydrogen and chlorine is known with certainty. It is called 
hydrogen chloride, hydrochloric acid gas, or muriatic acid gas, and symbolized HC1 
Its aq. soln. is called hydrochloric acid, which also is often represented by the same 
symbol as the gas. The names muriatic add and spirit of salt were used by the 
early chemists, as indicated in connection with the history of chlorine. There is 
a little evidence indicating the presence of a, perchloride or trichloride of hydrogen 
HG1 3 , analogous with hydrogen tri-iodide, HI S , in the liquid formed when chlorine 
is dissolved m the cone. acid. Hydrogen chloride or hydrochloric acid occurs in the 
emanations from fumarcles and volcanoes ; in the rivers and streams which originate 
m volcanic districts ; and in the gastric juices of man and other animals. Salts of 
tiie acid— -the chlorides — are very abundant. 

As already indicated, hydrogen chloride is formed by the direct union of the 
elements. The two gases do not combine m darkness ; H. Gautier and H. Helier J 
kept the mixed gases between 15 and Iff months in darkness without sign of com- 
the gradually unite, and this the more rapidly the more 
intense the illumination, until, in sunlight, the mixture explodes. Similar remarks 
he “Ti 8ases T Eliminated by artificial light-with the light from 
| as or od flame > the gases combine comparatively slowly; but when 
llhmnnated by more intense light— e.g. the lime-light, magnesium flash-lamp— the 
e °u .T* , ez P l0Slvel 7- . W. Mellor and E. J. Russell found Sit if 
, no ex P losion 0CCUIS E sunlight, and about 30 per cent, 
combined after three days exposure to June’s sunshine. F 

n w j °f 6n burn ^ ^? riae> and chlorine bums in hydrogen. According to 
0. Eredenhagen and G. K il l ing, the temp, of the chlorohydrogen flame is a Httle 

mkbach a m a ^ en S ^ me ‘ A 000 ^ the hydrogen flame on a 

m<Sf "T* ^ Ve - S % bngilt green %ht. The mixture of gases- 

Dixon, th^Son 4™ taK. the ratf 
Sto of hydrogenanl 

■**! «»*• or 1729 metres per second, in the moist With an 

mT+a. ^dm^ r ^ ” faSter - 1849 metaea P« second ILthe mhrt^ 

■ a j’- and metres per second in the mixture 3H--I-CL 

According to F. Freyer and V. Meyer, the gases are ignit<M + tf they be heated in a 
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closed vessel between 170° and 240° ; or if a stream of the gas be heated between 
430° and 440°. The ignition temp, depends so much on the conditions under which 
the gases are heated that very variable numbers have been reported. J. W. Mellor 
and E. J. Russell found no explosion occurred with bulbs of the dried gases at 45Q°, 
whereas the moist gases exploded at 260°. According to J. L. Gay Lussac and 

L. J. Th6nard, the mixed gases can be exploded by a piece of brick at 150°, while 
platinum black (S. Cooke), or charcoal (J. F. L. Meslens), may produce an explosion 
at ordinary temp, in the dark ; in any case, they start the gases reacting — 
presumably by catalysis. According to P. Mathieu, when a mixture of hydrogen 
and chlorine is exposed to the spark of an induction coil, explosion occurs only 
when the mix ture has between 8T and 85*7 per cent, of hydrogen ; while when 
exposed to the radiation from the magnesium flame, the limits axe 9*8 and 
52*5 per cent, of hydrogen. The difference is attributed to the good conductivity 
of hydrogen fox heat. 

E. J. A. Gautier and H. Holier 2 found that in light, the rate of the reaction was 
augmented by increasing the proportion of chlorine beyond that required fox the 
reaction : H 2 -f-Cl 2 =2HCl ; similarly also with hydrogen, but the effects were less 
pronounced than with the hydrogen. In agreement with M. Berthelot’s suggestion, 
the results were presumably disturbed by the walls of the containing vessel. 
R. Bunsen and H. E. Roscoe showed that the presence of oxygen as an impurity 
retards both the period of induction and the rate of combination ; and, according 
to D. L. Chapman, for small quantities of oxygen as an impurity, the velocity of the 
photochemical reaction is decreased proportionally with the increase in the amount 
of oxygen. According to R. Luther and E. Goldberg, the photo-chlorination of 
hydrocarbons is inhibited by oxygen, and E. Goldberg suggests that oxygen acts as 
a specific poison to chlorine in photolytio changes. The desensitizing action of 
oxygen has also been noted in other photolytic reactions — e.g. mercuric chloride 
and oxalic acid ; the silver halides ; eto. In M. Bodenstein’s first hypothesis, the 
retarding effect of oxygen is explained by assuming the electrons are partially 
consumed in activating the oxygen to form ozone which in turn re-forms oxygen ; 
in his second hypothesis, the newly formed molecules of hydrogen chloride com- 
municate part of their vibratory energy to oxygen molecules instead of to the 
reacting gases. Instead of using R. Bunsen and H. E. Rosooe’s actinometer, 

M. Bodenstein and W. Dux exposed bulbs of the mixed gases to light for a definite 
period, and solidified the hydrogen chloride and the residual chlorine by cooling with 
liquid air. The partial press, of the unused hydrogen was then determined. They 
thus established the facts : The reaction is of the second order, and is proportional 
to the square of the chlorine concentration ; while the concentration of the hydrogen 
is without influence if not less than one-lourth the volume of the chlorine be present. 
With smaller concentrations of hydrogen, the volume decreases slightly. The 
hydrogen chloride formed in the reaction has no influence on the speed of the reaction. 
Oxygen retards the reaction in such a way that the velocity of all stages of the com- 
bination is inversely proportional to the oxygen concentration. If I represents the 
quantity of light absorbed in the reaction ; t the time ; and if concentrations be 
represented by symbols in square brackets, 

d[2HCl] [Cl]* 
dt ""[OJ 

R. Bunsen and H. E. Roscoe’s observation that an excess of hydrogen lowers the 
sensitiveness of an electrolytic mixture of hydrogen and chlorine is regarded as an 
erroneous result caused by the contamination of the hydrogen with oxygen. Unlike 
M. Bodenstein and W. Dux, D. L. Chapman and L. K. Underhill found that “ as 
the partial press, of the hydrogen is increased from zero, the rate of formation of 
hydrogen chloride per unit volume of the mixture is at first almost proportional to 
the concentration of the hydrogen, but the ratio of partial press, of hydrogen to 
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velocity of interaction rises continuously in value as the proportion of hydrogen is 
increased, and when the press, of hydrogen has attained a definite value, the rate of 
formation of hydrogen chloride becomes a maximum, and then, as the proportion of 
hydrogen is still further increased, the rate of interaction of chlorine and hydrogen 
falls very slowly.” D. L. Chapman and J. R. H. Whiston also find that their 
results agree with a fairly close approximation to 

<Z[2HC1]_ , t [C1 2 ] 
dt [OJ 

that is, assuming that the term /[Gig] is proportional to the radiation absorbed per 
second, the rate of formation of hydrogen chloride is proportional to the radiation 
absorbed, and inversely as the concentration of the oxygen. D. L. Chapman and 
J. R. H. Whiston also found that with moist gases the amount of hydrogen chloride 
formed in unit time is almost independent of the press., which would not be the case 
if M. Bodenstein and'W. Dux’s formula were accurate. 


H. Sirk heated mixtures of hydrogen with from 3*5 to 81*6 per cent, of chlorine 
for 60 minutes at 242*5°, in darkness, and then measured the amount of combination. 
With the mixture containing 3*5 per cent, of chlorine, 0*5 per cent, of gas was con- 
verted into hydrogen chloride ; with the mixture with 51*5 per cent, of chlorine, 
8*6 per cent, into hydrogen chloride, and with the mixture with 81*6 per 
cent, of chlorine, 12*0 per cent, was converted into hydrogen chloride. The 
reaction is neither bimolecular nor unimolecular. The initial velocity is approxi- 
mately that required for a unimolecular reaction, being proportional to the 
concentration of the chlorine and independent of that of the hydrogen chloride ot 
hydrogen. In that case log {aj(c — »)}, where a denotes the percentage 

amount of chlorine initially present ; x, that of hydrogen chloride ; and k is the 
affinity constant approximately 0*0012. K. H. A. Melander found the reaction 
between 205° and 255° to be bimolecular. The temp. coefL of the reaction studied 
by E. J. A. Gautier and H. H61ier, was approximately eq. to an increase of 1*6 for 
a rise of 10°. K. H. A. Melander found the temp, coeff. of the bimolecular reaction 
H 2 +Cl2=2HCl between 205° and 255° to be 2*01, and he noted that the presence of 
Bulphux dioxide or sulphuric acid, accelerated the reaction to a marked extent. It 
is assumed that sulpburyl chloride is formed as an intermediate compound 
P. V. Bevan found the temp, coeff. for white light to be 1*21 for 10°. 

W. P. Jorissen and W. E. Ringer 3 found a slight formation of hydrogen ohloride 
after exposing for 33 his. a mix ture of hydrogen, and chlorine to tnose rays from 
radium which will penetrate thin layers of glass. H. S. Taylor found the reaction 
velocity of hydrogen and chlorine under the influence of cc-radiations to follow the 
unimolecular law. The difference in the order of the reaction under the influence 
of light, and of the a-radiations, is attributed to the relatively larger amount of 
energy absorbed from incident light by the chlorine. J. J. Thomson found the rate 
of combination of an insulated mixture of hydrogen and chlorine was not affected 
+7 !?l srae to x -prays, thorium radiations, etc. M. le Blanc and M. Vollmer found 
that 0*03 0 . 0 . of hydrogen chloride was formed during 50 secs.’ exposure of a mixture 
of hydrogen and chlorine to the X-rays. It is estimated that a single electron can 
bring lO* molecules into reaction. A. de Hemptinne found a mixture of hydrogen 
and chlorine at the moment of explosion is electrically conducting ; but M. Trautz 
and i . A. Henglem found no evidence of ionization during the reaction between 
h y drogen = nor between chlorine and hydrogen bromide: 2HBr+01 2 

v=J3ro +2HCL. 


Hydrogen chloride is produced in numerous reactions such as when chlorine acts 
on vbmous hydrogen compounds of the metals or the non-metals. Chlorine does not 
attack hydrogen fluoride, but it does attack hydrogen sulphide, hydrogen iodide, 
ammoma, phosphme, arsine, boron hydride, water, etc., with the formation of hydro- 
f®? °raonde. In many cases the action occurs at ordinary temp. Deacon’s process 
for chlorme is based on the oxidation of hydrogen ohloride by oxygen * but as 
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already shown, the reaction is^ reversible, and chlorine attacks steam forming 
hydrogen chloride and oxygen. '"Water is not decomposed hy chlorine in darkness, 
but is slowly decomposed in daylight, more rapidly in sunlight. Steam is decomposed 
when it is mixed with chlorine and passed through a red-hot tube — oxygen and hydro- 
gen chloride are the products of the reaction. This reversal of the Deacon process 
takes place much more rapidly if an osddizable substance is present capable of 
removing the free oxygen from the system as fast as it is formed. According to 
R. Lorenz, 4 and H. D. Gibbs, if the tube contains carbon, the reaction is symbolized : 
C+H 2 0+C1 2 =C0-1-2HC1 ; but A. Naumann and P. G. Mudford state the primary 
reaction is 2Cl 2 +2H 2 0+C=4:HCl-fC02 ; and the carbon 
monoxide present in the gas is a secondary effect of the 
reduction of the carbon dioxide by the excess of carbon, as is 
evidenced by the greater yield of carbon monoxide if the column < 
of carbon is made longer, or if the gases are passed through ^ 
the tube more slowly.' Some carbon monoxide may be oxidized ^ 
by the chlorine and steam : Cl 2 +H20+C0=C0 2 -f-2HCl. If | 
steam be in excess, some hydrogen is formed, and this the more 
the higher the temp, or the longer the gases are in contact with 

the hot carbon. When many organic compounds are treated 7< Balanced Re- 

with chlorine, part of the hydrogen is evolved as hydrogen action : AB + C ^=± 
chloride — e.g. with turpentine, C 10 H 16 , at ordinary temp. : AC-fB. 
C 10 H 16 +8C=10Cl 2 -(-16HCl ; and hydrogen chloride is a by- 
product in the preparation of chlorinated organic compounds — e.g . chlorobenzene, 
cbloro-acetic acid, etc. A. Mitscherlich says that all organic compounds are decom- 
posed by chlorine at a red heat — the hydrogen forms hydrogen chloride, and if oxygen 
be present, part or the whole of the carbon is oxidized to carbon monoxide or dioxide. 

Several chlorides are reduced by heating them with hydrogen — e.g. many chlorides 
of the heavy metals — 2AgCl+H 2 =2Ag-f-2HCl ; and, according to W. Spring, 6 even 
the alkali chlorides are reduced by hydrogen at a red heat. A. Jouniaux has reported 
a curious phenomenon in connection with the reduction of silver chloride or bromide 



by hydrogen. In the reaction AB+Cv^AC+B, 
the idea that at any assigned temp, the composi- ,0 ° IT *;•: '.--I 

tion of the equilibrium mixture is the same no V ',' \ 

matter whether this state be approached from the gQ VV - fi 
left side, AB-f-C, or from the right side^ AC-f-B, of ^ 
the equation, is illustrated by Fig. 7. The balanc- § b 
ing of such a reaction, however, does not always £ ^ ,.y jv 
furnish the same equilibrium mixture when it is ^ 
approached from different sides. Thus, 4 : • 

Jouniaux (1901) 6 found that m the reaction 2AgCI to | f.v 

-|-H2=2HCl-l-2Ag the reduction of silver chloride 6 

by hydrogen stops before the system has attained fig. 8.— False Equilibrium, 
the same condition as is obtained when hydrogen 

chloride reacts with silver. The curves, Pig. 7, are plotted from the experimental 
data obtained, starting with tubes A, containing silver chloride and hydrogen, and 
tubes, B, containing hydrogen chloride and silver — at 448°. 


m 

* 4 a iz AS 20 

Pays 

Fig. 8. — False Equilibrium. 


Time heated .... 7-8 24 36 70 408 604 hrs. 

Per cent. HC1 (A) . . . 71-1 81-6 82 -6 88-7* 88*S 88*4 

Per cent. HC1 (B) . . . 96*0 93*9 92-9 91*5* 91*6 91*5 


The numbers succeeding the asterisk show that equilibrium was in all probability 
then attained. The dotted curve. Fig. 8, shows the probable state which would 
occur if the reactions balanced as in the ideal state indicated in Pig. 7. Indeed, if 
the temp, exceeds 490°, the final state is the same whatever be the initial products. 
The space between the two lines represents a system below 490° in what P. Duhem 
calls un Hal de faux eguttibre. The region where there is no reaction and where 
vol. n. m 
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the state of false equilibrium occurs, is not stippled in the diagram. Several other 
examples of the phenomenon have been recorded. H. P61abon has reported a 
similar phenomenon in connection with the reduction of silver sulphide by hydrogen, 
and in the action of hydrogen on sulphur or selenium. R. Engel (1885) stated that the 
equilibrium in the reaction MgC 03 . 3 H 20 -j-IOICOs-l-^Il^O^MgCOa.KIlCOgAHgO 
-f (n— l)H a O is not the same when approached from different sides. E. H. Buchner 
(1908) found that if the reaction is allowed to progress 32 days instead of a 
few hours the final condition is attained from whichever side- equilibrium 

is attained. There are reasons for the suspicion that the mixture was assumed 
to be in equilibrium when it was really not so ; 7 and that there are no 
experimental grounds for the theory of false equilibrium unless some complication 
is involved such as was observed by H. P61abon in the case of bismuth and hydrogen 
sulphide, where the formation of a film of bismuth sulphide protected the metal 
from the further action of the hydrogen sulphide. 

The source of most of the hydrogen chloride manufactured" on a large or Binall 
scale is one of the co mm on chlorides. In the laboratory the gas is usually prepared 
by heating a mix ture of sulphuric acid and sodium chloride ; the gas can be dried by 
calcium chloride or cone, sulphuric acid, Fig. 9, and collected over mercury, or 
by the upward displacement of air. Cone, sulphuric acid acts 
vigorously at ordinary temp, forming a very viscid mixture 
when warmed ; if the acid be diluted with one-sixth to one- 
fourth its weight of water, the gas comes off at ordinary 
temp., and the mixture froths a little when warmed ; with 
equal parts of acid and water very little gas is given off at 
ordinary temp., hut a copious quantity is given off when the 
mixture is warmed. If 100 parts of sodium chloride and 
about 170 parts of cone, sulphuric acid be used, the sodium 
chloride is all decomposed on the application of a gentle heat, 
and the residue is easily emptied from the flask. With a 
larger proportion of sodium chloride the reaction is not 
complete. The turbulence of the reaction can be lessened by 
using fragments of rock salt. 8 

The reaction seems to occur in two stages. In the one 
n , stage at the lower temp, sodium hydrogen sulphide, NaUS0 4 , 

App^Sus 1 to Hy- “ formed, NaCl+H 2 S0 4 ==NaHS0 4 +HCl+0*8 Cals. Aecord- 
drogen Chloride. ing to C. W. Yolney, 9 when a mol. each of sodium chloride and 
sulphuric acid (sp. gr. 1‘84) are treated at 18°, the reaction is 
symbolized 2NaCl+2H 2 S0 4 =NaHS0 4 .H 2 S0 4 +HCl-j-NaCl ; and when the mixture 
is heated to 120°, there is a further evolution of hydrogen chloride : NaHS 0 4 .H.>S 04 
+ NaCl=2NaHS0 4 -fHCl. In the next stage, sodium sulphate, Na 2 S0 4 , is formed 
at about 500°, NaCl+NaHS0 4 =Na 2 S0 4 -fHCl+15 Cals, or 2NaCl+H 2 S0 4 =Na 2 S0 4 
-|-2HCl-f-15*8 Cals. G. Neumann recommended treating earaallite with cone, sul- 
phuric acid in a sim i l ar manner. The same gas is sometimes made in the laboratory 
by dropping cone, sulphuric acid into cone, fuming hydrochloxio acid containing 
sodium chloride or ammonium chloride. L. L. de Koninck 10 decomposed a mm oni um 
chloride by dropping cone, sulphuric acid directly on solid ammonium chloride. 

H. Er dman n’s apparatus for preparing hydrogen chloride in a Kipp’s apparatus is 
illustrated in Fig. 9. The middle bulb of the Kipp’s apparatus contains pumice stone ; 
the upper and lower bulbs contain hydrochloric acid ; the upper end of Kipp’s apparatus 
is closed by a rubber stopper fitted with a bulb containing potash lye. The separating 



funnel contains cone, sulphuric add, and it leads to the inner bulb vi& a trap A containing 
sufficient mercury to cover the opening of the down-tube from the separatory funnel. 
Otherwise the diagram explains itself. A wash-bottle can be fitted to the exit tube B in 
the ordinary way. 

In the manufacture of salt cake, about half a ton of salt, in a cast-iron pan 
built in brickwork, is treated with sulphuric acid (sp. gr. 1*7) ; torrents of hydrogen 
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chloride escape through a flue in the dome of the brickwork. When about 70 per 
cent, of the hydrogen chloride has escaped : NaCl+H 2 S 0 4 =NaHS 04 +HCl, the 
mixture is raked into another part of the furnace, where it is headed to redness. The 
remainder of the hydrochloric acid escapes vid another flue : N aHS 0 4 -f- NaCl 
=Na 2 S0 4 +HCl. In Hargreaves’ process, a mixture of sulphur dioxide, air, and 
steam is passed over salt heated to about 530°. The reaction is represented : 
4 NaClH- 2 S 0 2 H- 02 + 2 H 2 0 = 2 Na 2 S 04 + 4 :HCI. The hydrogen chloride evolved in 
either of these processes is absorbed by water. In the early days of the Leblanc 
salt-cake process, the hydrochloric acid was allowed to escape into the air ; as the 
use of the process extended, serious damage was caused by the escaping fumes ; and 
manufacturers were compelled to consider the advisability of condensing the acid. 
In 1836, W. Gossage 11 adapted Gay Lussac’s coke tower for the purpose, but even 
then a considerable amount of acid escaped. By the Alkali Act of 1863 manu- 
facturers were compelled to adopt an efficient means of condensing the acid, for they 
were not permitted to allow more than 5 per cent, to escape into the air ; and by the 
Act of 1874 this amount was reduced to 0*2 grain of HC1 per cub. ft. of gas. The 
problem of condensation not only involves the removal of the acid from the flue 
gases so as to satisfy the requirement of these regulations, but it also involves the 
condensation of the acid in such a form that only saleable cone, hydrochloric acid 
is produced. The results now attained are so good that between 99*25 and 99*5 per 
cent, of the gas in question is recovered in the form of hydrochloric acid of sp. gr. 
1*17. The best conditions for the condensation require to be adapted to (i) the 
temp. ; (ii) the concentration of the hydrogen chloride in the flue gases ; and (iii) the 
time the gases are in contact with the absorbent water. The hot gases are cooled 
by passage through tanks or batteries of tubes, or 
stoneware Woulfie’s bottles with a counterflow of 
water, and subsequently passed up large towers filled 
with coke, or earthenware balls or discs. A spray 
of water descends from the top of the tower and 
meets the gases rising upwards from the base. It 
is said that R. Cellarius’ receiver, Fig. 10, gives Fig. 10. — R. Cellarius’ Receiver, 
satisfactory results. Water flows in at A, then over 

the saddle, and out at B ; the gas enters at C and escapes at D. A large surface of 
water is thus exposed to the gas. The vessels can be kept cool by immersion in 
tanks of water. 

Water decomposes several chlorides of the non-metals, but not carbon tetra- 
chloride. Water decomposes the chlorides of aluminium, and tin at ordinary 
temp. ; lead chloride is decomposed by steam at 110°, and even the alkali chlorides, 
according to W. Spring, 12 are decomposed by steam at temp, exceeding 500°, and 
W. Mills proposed to obtain hydrogen industrially by heating sodium chloride with 
water gas. With sodium chloride, the thermal value of the reaction with steam is : 
2NaCl+2H 2 0=2NaOH+2HCl— 61*6 Cals. ; with magnesium chloride : MgCl 2 
-f-H 2 0=MgO +2HC1 — 21*0 Cals. ; and with calcium chloride, similarly, — 52*0 Cals, 
are required. Hence, less energy is probably required to form hydrogen chloride 
by the action of steam on magnesium chloride than is the case with sodium or 
calci um chloride. As a rule, a highly endothermic reaction usually requires pro- 
longed furnace operations which are costly in labour, fuel, and refractory linings for 
the furnaces. 

Instead of decomposing sodium chloride with sulphuric acid in order to obtain 
sodium sulphate, attempts have been made to prepare hydrogen chloride from sodium 
chloride, leaving a by-product of greater commercial value than sodium sulphate. 
Some of these processes furnish chlorine — q.v. Most of the proposals have either 
not been applied at all on an industrial scale, or else have had a very brief industrial 
life. For example, it has been proposed to heat an intimate mixture of sodium 
chloride and clay with steam, and to obtain sodium silicate and hydrogen chloride, 
as products of the main reaction. A. Gorgeu 13 has shown that clay with about 35 per 
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cent, of alumina decomposes about 22 per cent, of its weight of sodium chloride 
at about 560°. The proposal failed on account of the cost of the wear and tear of 
the apparatus. The Daguin Co. treated a mixture of manganous and sodium 
chlorides with air cont ainin g about 10 per cent, of sulphur dioxide ; the final products 
were sodium sulphate, and hydrogen chloride — the manganous chloride acted 
eatalytically through the intermediate formation of manganese sulphate. J. Towns- 
end used a mixture of magnesium sulphate and sodium chloride. 

Similft.r proposals have been made to treat the enormous quantities of calcium 
chloride obtained as a by-product in many industries either to obtain chlorine (q.v.) 
or hydrogen chloride. J. T. Pelouze 14 showed that when calcium chloride is mixed 
with sand to prevent fusion, it is readily decomposed by steam at a red heat with 
the oopious evolution of hydrogen chloride, and the reaction was the basis of the 
E. Solvay patents in which the calcium chloride was mixed with sand or clay. 
W. Bramley mixed the calcium chloride with iron ore before heating it in a stream 
of air for chlorine, or with steam for hydrogen chloride. W. H. Seamon proposed 
to treat molten calcium chloride with acetylene to produce calcium carbide and 
hydrogen chloride. 

The consumption of energy in the decomposition of magnesium chloride is much 
less than with sodium, or calcium chlorides. H. Davy knew that magnesium 
chloride is decomposed when heated. Even on evaporating an aq. soln. of magnes- 
ium chloride, hydrochloric acid is given off when the ratio H 2 0 : MgCl 2 is less than 
6:1; and, with further evaporation, the decomposition is so great that it was once 
believed the reaction: MgCl 2 -fH 2 O=Mg0 +2HC1, is complete. According to 
Gk Esohellmann, when the hydrated salt, MgCl 2 .6H 2 0, is heated by itself to 250°, 
one-third of the chlorine is lost as hydrogen chloride, and the residue contains the 
eq. of 2Mg0+4MgCl 2 +3H 2 0. No further change occurs if the temp, is raised to 
350°, but at higher temp, more hydrogen chloride is lost until, at 550°, about half 
the chlorine is lost, and a white crystalline oxychloride MgO.MgClo remains. This 
oxychloride is soluble in water with the evolution of much heat. Similar results axe 
obtained if the salt be heated in a stream of inert gas. 

The magnesium ohloride in the mother-liquors of sea-water, and the waste 
produots in the manufacture of potassium salts at Stassfurt, have attracted much 
attention. It is estimated that in the latter case there is sufficient magnesium 
chloride to give enough chlorine and hydrogen chloride to satisfy the requirements 
of the whole world. G. Eschellmann, and B. Kosmann 15 have studied the processes 
for the utilization of magnesium chloride in the manufacture of chlorine and hydro- 
chloric acid. The different proposals to manufacture hydrogen chloride from magnes- 
ium chloride have been classified as : (i) Processes in which the magnesium chloride 
is heated in a current of steam. The heating is done externally in suitable boilers ; 10 
(ii) Processes in which the magnesium chloride is heated with substancos which 
lose their water of crystallization at a high temp. — ~e,g. magnesium sulphate, 
calcium chloride, damp sawdust; w (ffi) Processes in which the magnesium 
chloride alone or mixed with some other substances is heated in steam, directly by 
a flame. 18 


Some proposals have been made for treating ammonium chloride obtained by 
crystallization from the mother-liquor in E. Solvay’s process. L. Mond (1883) 19 
patented the heating of the ammonium ohloride with sulphuric acid to 120°, and 
converting the ammonium bisulphate so formed with ammonia vapour to produce 
ikf sulphate. Later, L. Mond (1886) conveyed the vapour of ammonium 

chloride over oxides of cobalt, nickel, iron, manganese, aluminium, copper, or 
magnesium, which retain the hydrogen chloride. F. Gilloteaux proposed heating 
tke ammomum chloride with sodium or ammonium bisulphate whereby hydrogen 
5}?m \ an an jL the * ormal s^phate : 2 NaJdSO 4 -f 2 NH 401 == 2 HC] 

« > ^° 4 ‘ men tke normal STfiphate is heated ammonia is given 

* eformed: (NH 4 ) a S0 4 +Na 2 S0 4 =2NH 3 +2NaHS0 4 . The 
nrsu-named reaction is not complete, and L. Mond considers that there is no reaction 
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between ammonium chloride and bisulphate. If the temp, is high enough, the 
bisulphate alone sublimes. 0. N. Witt proposed treating the ammonium chloride 
with syrupy phosphoric acid ; hydrogen chloride and ammonium phosphate are 
formed, and when the latter is heated further, ammonia and -vitreous phosphorio 
acid are formed. There is a difficulty in finding materials to resist the corrosive 
action of the phosphoric acid, and only 63 6 to 86’1 per cent, of the ammonia is 
recovered. 

Impurities in hydrochloric acid. — The chief impurities found in commercial 
hydrochloric acid are (i) Sulphurous acid produced by the action of the sulphuric 
acid on the icon, or on organic matter, (ii) ; Sulphuric add derived from the acid 
used in decomposing the salt ; in bad cases over 2 per cent, may be present, 
(iii) Free chlorine derived from the action of oxidizing agents on the hydrogen 
chloride, (iv) Ferric chloride derived from the iron vessels with which the acids come 
in contact, (v) Arsenic largely derived from the pyrites used in making the sulphuric 
acid. The arsenic forms arsenic trichloride, and in that form gets to the condensing 
apparatus, (vi) Selenium compounds have been found in hydrochlorio acid by 
W. Crookes, and, according to W. B. Hart 20 this is the cause of the yellow colour 
of the acid ; T. Bay ley says the yellow colour is due to organic matter ; and others 
have attributed it to ferric chloride, (vii) Bromine has been reported by 
W. Crookes and G. C. Wittstein ; (viii) hydrofluoric acid by J. Nicklfcs ; (ix) iodine 
(x) and thallium by W. Crookes ; and (xi) copper by L. R. W. McCay. 

Purification of hydrochloric acid. — When pure hydrochlorio acid is required, it 
is usually best to prepare it with pure materials rather than attempt to purify the 
impure acid ; and the commercially pure acid is usually satisfactorily pure. 
T. W. Richards and R. 0. Wells 21 found it sufficient to treat the purest acid of 
commerce with a few crystals of potassium permanganate. The soln. was diluted 
and boiled so as to expel bromine and iodine, and oxidize any trace of organic 
matter which might be present. The soln. was fractionally distilled and the middle 
fraction selected for use. C. Wigg removes sulphuric acid by barium or strontium 
chloride ; and sulphur dioxide by manganese dioxide. F. Haber and S. Grinberg 
remove chlorine by treatment with mercury. 0. Bettendorf removed arsenic by 
treating the acid with Btannous chloride and distilling the filtrate. If the acid be 
weaker than a sp. gr. 1T23, the precipitation will be incomplete ; and no precipita- 
tion oocurs if the acid has a sp. gr. l'lOO — because, it is said, the arsenic is then 
present as As 2 0 8 instead of as AsCl s . According to H. Hager, the product always 
contains some arsenic if the precipitate is not completely filtered off before distil- 
lation: 3SnCl2+AB 2 03+6HCl=2As-j-3H 2 0+3SnCl4. I. Mayxhofer has shown that 
mere oxidation of the arsenic chloride to arsenic acid and subsequent distillation is not 
effective, for the arsenic acid is decomposed by hydrochloric acid, especially on 
heating, forming arsenic trichloride, and this the more the greater the concentration 
of the acid. Hence proposals — by H. Rose, R. Otto, E. Bensemann, A. Houzeau, 
H. B. Bishop, etc. — to oxidize the arsenic with potassium chlorate and then distil 
the acid, cannot be effective. T. Diez and R. Otto treated the acid with hydrogen 
sulphide, and distilled the filtered product ; R. Engel used sodium thiosulphate ; 
J. W. Leather, barium sulphide ; M. N. d’Andria, precipitate# zinc sulphide ; and 
L. Ducher, sodium sulphide. H. Beckhurts distilled the acid from ferrous chloride 
rejecting the first SO per cent, of the distillate. L. T. Thome and E. H. Jeffers 
claim to make arsenic-free acid by diluting the acid to be purified to a sp. gr. I TO, 
and adding a piece of previously feebly calcined copper gauze to the boiling acid. 
After boiling an hour, remove the old copper gauze and add a fresh piece. The 
arsenic is precipitated on the copper. The treatment is repeated until the copper 
remains quite clean when boiled for an hour in the acid. The acid is distilled 
from a clean piece of copper gauze in order to prevent the ferrous chloride oxidizing 
to the volatile ferric chloride. 

Hydrochloric acid is comparatively cheap because it is produced in great abund- 
ance as a by-product in the manufacture of salt-cake. It cannot be stored in leac 
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or iron vessels because these metals are attacked ; it is usually stored in large glass 
balloons or large stoneware vessels. 
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§ 7. The Preparation oi Hydrogen Bromide and Hydrobromic Acid 

It is convenient to call the gas hydrogen bromide, and a soln. o£ the gas in water 
hydrobromic acid. If a 48 per cent. soln. of hydrobromic acid is warmed with 
anhydrous calcium bromide, or if cone, hydrobromic acid is treated with phosphorus 
pentoxide, hydrogen bromide is obtained. 1 Hydrogen does not unite with bromine 
or iodine at ordinary temp, even when exposed to sunlight. At 196°, however, 
J. H. Kastle and W. A. Beatty 2 found that bromine and hydrogen unite completely 
in sunlight, but not in darkness ; the amount of combination is approximately 
proportional to the time of exposure. At 100°, there is a Blight formation of hydrogen 
bromide in sunlight. M. Bodenstein and S. C. Lind measured the velocity of the 
reaction under the influence of heat, and they did not find the reaction followed the 
bimolecular law. Hydrogen bromide retards the reaction more than corresponds 
with its presence as a product of the reaction. Iodine exerts a similar retarding 
influence. J. A. Christiansen explains M. Bodenstein and S. C. Lind’s results by 
assuming the formation of hydrogen bromide proceeds with the primary reaction : 
£r+H 2 ^HBr+H, attended by H+Br^AHBr+Br, and he calculates for the 
thermal value, Br4-HBrv^Br2+H+43'7 Cals. 

If a stream of hydrogen be bubbled through warm bromine, the hydrogen which 
passes along is highly charged with bromine vapour, and when ignited, dense clouds 
of hydrogen bromide are formed. A. J. Balard 3 showed that if a mixture of 
hydrogen and bromine vapour he passed through a red-hot tube containing iron 
turnings hydrogen bromide is formed, and B. Corenwinder obtained a rapid combina- 
tion by passing the elements over heated platinized asbestos, or a hot platinum 
spiral. The platinum acts as a stimulant or catalytic agent. 

G. P. Baxter and F. B. Coffin 4 used this process for preparing hydrobromic 
acid for their work on at. wt. The hydrobromio acid was condensed in water 
contained in a cooled flaBk. In order to remove iodine, the soln. was diluted with 
water, and twice boiled with a little free bromine. A small quantity of potassium 
permanganate added, and the bromine set free was expelled by boiling. The 
aoid was finally distilled with the aid of a quartz condenser, and the first third 
rejected. 

According to A. J. Balard, 6 hydrogen bromide is not formed by passing t 
mixture of water vapour and bromine through a red-hot tube, but J. Bourson did gel 
a mixture of oxygen and hydrogen bromide under these conditions at a high temp. 
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and C Lowig found that bromine water in sunlight decomposes like chlorine water, 
but with greater difficulty. A. J. Balard also noted in his historic memoir that 
bromine water with reducing agents— e.g. hypophosphorous acid, sulphur dioxide, 
arsenictrioxide, hydrogen sulphide, hydriodic acid, and aq. ammonia— form hydrogen 
bromide. T. Curtius and H. Schulz found that hydrazine hydrate with an excess 
of bromine gives nitrogen and hydrogen bromide ; and A. Connell that boiling 
bromine with f uming nitric acid furnishes some hydrogen bromide. J . H. Gladstone 
reduced bro mine with sodium thiosulphate; H. Pickles^ with stannous chloride; 

C M6ne, with crystallized sodium sulphite and with calcium hypophosphite ; and 
E. Leger, with sulphur dioxide; and P. Hautefeuille, with hydrogen iodide. 
A. Scott reco mm ends passing a rapid current of sulphur dioxide through a mixture 
of 350 gxms. of bro mine and two litres of water, until a pale yellow homogeneous 
liquid is formed. ~ T his is then distilled in a gentle current of air until the residual 
liquid has a sp. gr.'of about 1*7. The distillate is then re-distilled, rejecting the first 
fraction. The distillate is again redistilled from a little barium bromide to retain 
the sulphuric acid. It is claimed that, in the ordinary methods of preparation with 
phosphorus, the arsenic in the phosphorus forms arsenic bromide which contaminates 
the product. . 

The bromides of phosphorus, sulphur, selenium, arsenic, and similar compounds 
furnish hydrogen bromide when treated with water — e.g. PBr 8 -f-3H20=H 8 P0 8 
+3HBr. Hydrogen bromide is also obtained by the joint action of bromine, water, 
and phosphorus.® 

The following is a method commonly employed in the laboratory : Mis, say, 10 grins, 
of red phosphorus with 80 arms, of fine sand, and place the diy mixture in a dry distillation 
* flask. A, Fig. 11. Add about 20 

o.c. of water. Close the flask with 
a rubber stopper fitted with a tap 
funnel B, and delivery tube as in- 
dicated in the diagram. The end 
of the tap funnel is drawn to a 
fine point. Connect the delivery- 
tube with a tower or a U-tube O 
containing glass wool and slightly 
damp red phosphorus. The gas 
may be collected by the upward 
displacement of air, or absorbed in 
water as illustrated in the previous 
diagram ; or collected over mer- 
cury, E. In the latter case, a 
safety funnel may be attached to 
the delivery tube at D, so that 
Fig. 11. — Preparation of Hydrogen Bromide. variations of press, inside tho ap- 
paratus may be rapidly adjusted 
without risk of explosion and back suotion of mercury. About 60 grins, of bromine aro 
placed in the tap funnel, and allowed to fall, drop by drop, on the red phosphorus. As 
each drop of bro m i n e comes in contact with the phosphorus, a flash of light is produced. 
Some prefer to keep the flask immersed in cold water during the early stages of the reaction, 
and to wrap a towel round the flask in case of an explosion. The heat of tho reaction 
volatilizes some bromine which is retained by the phosphorus in the U-tube ; when all 
the bromine has been run into the flask, a further quantity of hydrogen bromide may be 
obtained by gently warming the flask. The hydrogen bromide can be dried by 0 f a 

tube packed with calcium bromide. 



The chemical reactions which occur during the preparation of hydrogen "bromide 
by the action of bromine on phosphorus and water, are probably somewhat as 
follows : Phosphorus tri- and penta-bromide are first formed ; these react with 
the water; PBr 8 +3H 2 0=H 8 PO s +3HBr ; and: PBr 6 +4H 2 0 =H a P0 4 +5HBr. 
The whole reaction is usually represented on the supposition that phosphorus 
tri-bromide is formed : 2P -j- 6H 2 0 +3Br 2 =2H s P0 3 +6HBr. If too little water be 
present, some crystals of phosphonium bromide— PH^Br— may be formed in the 
fiask owing to the decomposition of the hot phosphorous acid, HoPOa, as represented 
in symbols: iH 8 P 0 a= 3 H 3 P 04 +PH 3 ; and PH 3 +HBr=PE*Br. 
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Hydrogen bromide is formed when bromine acts on hydrogen sulphide, 1 * * 4 * * 7 and 
hydrobromic acid is formed when hydrogen sulphide is passed into bromine covered 
with a layer of water : H 2 S4-Br 2 ^2HBr+S. If sulphur dioxide be used in place 
of hydrogen sulphide a pale yellow homogeneous liquid is obtained : S0 2 +Br 2 
+2H 2 0v^2HBr+H 2 S0 4 . When this liquid is distilled an aq. soln. of hydrogen 
bromide is obtained. The reaction is reversible, sulphuric aoid decomposes hydrogen 
bromide into bromine and sulphur dioxide. According to C. Harms, hydrobromic 
acid is formed by the action of bromine water and sulphur. 

Hydrogen bromide cannot be satisfactorily prepared by the action of sulphuric 
acid upon potassium bromide as in the preparation of hydrogen chloride by the 
action of sulphuric acid upon potassium chloride unless very special precautions are 
taken. 8 When the attempt is made, under ordinary conditions, colourless hydrogen 
bromide is first given off, but the issuing gas imm ediately acquires a yellow colour, 
and then a brown tinge, showing that bromine is also evolved. The issuing, gas 
also contains sulphur dioxide. Hence not only does the reaction : KBr-}-H 2 S0 4 
=KHS0 4 +HBr take place, but also the consecutive reaction : 2HBr-j-H 2 S0 4 
=S0 2 +Br 2 +2H 2 0, and the method is accordingly impracticable. If dil. sulphuric 
acid be employed with the idea of preventing an appreciable decomposition of the 
hydrogen bromide, the yield of hydrogen bromide is very small. If phosphoric 
acid be used in place of sulphuric acid, because phosphorio acid does not deoxidize 
so readily as sulphuric acid, the reaction : KBr-fH s P0 4 =KH 2 P0 4 -f HBr, is 
rather slow. Other salts have been used in place of potassium bromide — e.g. barium 
or calcium bromide ; and zinc bromide. W. Eeit and K. Kubierschky warm a 
soln.. of potassium bromide in sulphuric acid of sp. gr. 1*41 ; and distil it until 
sulphuric acid begins to pass over. The liquid product is then re-distilled and the 
fraction which passes over about 126° collected. It has a sp. gr. about 1*49 ; con- 
tains about 48 per cent, of HBr ; and, is said to be free from bromine and sulphur 
dioxide. 

Hydrogen bromide is also formed when some of the metallic bromideB are 
reduced to metals in a current of hydrogen. Thus, at a red heat with silver bromide : 
2AgBr+H 2 =2HBr-j-2Ag ; and similarly, hydrobromic acid is formed when silver 
bromide suspended in water is treated with hydrogen sulphide. 9 Hydrogen 
bromide is sometimes made by the action of bromine on hydrocarbons 10 — e.g. 
naphthlene, C 10 H 8 ; benzene, C 6 H 6 ; anthracene, C 10 H 10 ; paraffin ; etc., the gas is 
then more or less contaminated with organic products. H. Erdmann’s process 
is as follows : 

Pour 100 grms. of dry benzene into a flask containing a few grms. of anhydrous ferrous 
bromide, or fine iron powder, or aluminium powder. Hun 135 o.c. of bromine very gradually 
into the flask by means of a separating funnel with the tube drawn out to a fine point. The 
flask should be put in cold water to prevent bromine or benzene from distilling over. When 
about half the bromine has been added, the reaction runs so quietly that the oooling is no 
longer necessary. The reaction is symbolized : C 8 H 6 -(-2Br a =C 6 H 1 Br t +2HBr. To scrub 
the gas from benzene and bromine vapours, pass the gas through a large U-tube, one leg 
of which is filled with ferrio bromide, FeBr a , and the other with anthracene. For hydro- 
bromic acid pass the gas into water cooled with a freezing mixture. 
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§ 8. The Preparation o! Hydrogen Iodide and Hydriodio Acid 

B, Couxtois (1813) 1 first prepared hydrogen iodide, HI, without recognizing 
its nature Hydrogen does not unite with iodine at ordinary temp. , but in his 
histone memoir on iodine, J L Gay Lussac (1814) showed that if hydrogen and 
iodine vapour be passed through a red-hot tube, union does occur H Davy also 
prepared le gaz de Viode , and E Tumei showed in 1824 that the reaction ocours at 
ordinary temp m the presence of platinum blaclc or platinum spongo According to 
B Corenwinder, the two gases unite at 300° or 400° The combination, said P. Jlaute- 
feuille (1867), is only partial because the same catalytic agent decomposes hydrogen 
iodide. The reaction is therefore reversible as previously discussed. M Bodonstein 
claimed a 90 per cent yield, and E Beckmann and P. Wantig a GO per cent yield 
According to G. Lemome, 2 union does not occur m the cold under the mlluence of 
light A little hydrogen iodide is formed when iodine water is exposed to sunlight 
or when heated : 2H 2 0+2I 2 ^Ht+0 2 According to 0 F Schonbem, dil hydrogen 
peroxide forms a little hydrogen iodide and oxygen . H 2 0 2 +l 2 = 2 HI-f *02 

Hydrogen iodide can also be made by the action of iodine on many hydro- 
carbons, and other hydrogen compounds — phosphine, aq hydrogen sulphide and 
ammonia 3 The preparation of an aq soln. of hydrogen iodide by tho hydrogen 
sulphide process is as follows * 


Add about 3 grms of powdered iodine to 260 o o of water m a 500 o.o flask and pass a 
stream of hydrogen sulphide slowly into the mneture In a few minutes all tho iodine will 
o«I Q n^ 1 ? S0 ^ Ve i OWirL ^ to rea ^tion . H|S-j-I a =S-l-2HI Add moro powdorod iodine, 
and continue the passage of the gas. Repeat the operations until about 20 grins of iodine 
have been added Transfer 30 grms more iodmV-50 grms. m all— to the flask In 
about half an hour the iodine wdl all have dissolved m the hydrogen iodide already formed. 

hy u r0g £ a Bul P hlde the brown of the soln disappears; showing 

h^^^ormed into hydrogen iodide Pass a Japid stream o ft 
if hydrogen through the warm soln. to dnvo off tho hydrogen sulphide. 

7 e Sulp b r a ? d sulphur from the soln. of filtration 

. wooL The soln can be further purified by distillation : collect tho fraction 

mdide b °d 8 ™ 0tW6m 126 00(1 13 ?° Thls so]Q oontams about CO per cent of hydrogen 

w£fr or bS X B E °‘r mad6 g-oooe hydrogen iodide into cold 

water, or, better, into a soln. of hydrogen iodide made as just described 

i**". the process by shaking granulated lead with water and iodine 

™jrJ~ e 1 kqul 1 d M colourless , hydrogen sulphide is then passed through the liquid, 
and the clear liquid decanted E Bodroux mixed the calculated quantity of iodine 
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with a paste made of barium peroxide and water ; oxygen is evolved, and barium 
iodide is formed. More iodine is added to the filtered liquid containing banum 
iodide. When sulphur dioxide is passed through the liquid, banum sulphate is pre- 
cipitated : BaI 2 +l2+S02+2H 2 0=BaS04+4HI. The colourless liquid is distilled. 
If a soln of iodine m copaiba balsam is heated, or if colophomum or resin be heated 
with iodine, hydrogen iodide is. formed J H. Kastle and J H Bullock 4 heated a 
mixture of iodine, resm, and sand, and A 35tard and H Moissan, a mixture of iodine 
with an equal bulk of resin. Hydrogen iodide is copiously evolved and a brownish 
liquid also distils over, and this is collected m a small receiver. 

Hydrogen iodide is prepared by the action of reducing agents on iodine and water. 
The iodine takes hydrogen, and the reducing agent the oxygen of the water 
J L. Gay Lussao used phosphorus, 5 J. P. J d’Arcet, phosphorous acid , C. M6ne, 
calcium hypophosphite ; E Soubeiran, dil sulphurous acid, sulphites, arsemous 
acid, and stannous salts : Na 2 S0 8 +H204d2=2BI+Na2S04 ; and J H. Gladstone 
used sodium thiosulphate In the latter case, sodium iodide and tetrathionate, 
Na 2 S4O 0 , are formed, and the oxidation is so slow that the use of thiosulphate is not 
recommended. When phosphorus 6 is employed, it is generally assumed that 
phosphorus iodide is first formed, and that this is decomposed by the action of 
water. B. Corenwmder found that some phosphine, PH 3 , is produced when 
hydrogen iodide is prepared by the action of water on phosphorus tetra-iodide, 
P 2 I 4 , and to prevent this, the operation is conducted by mixing one part of red 
phosphorus with 20 parts of iodine m a warm dry flask, and gradually adding four 
parts of water from a dropping funnel to the products of the reaction This is a 
modification of the process employed for the preparation of hydrogen bromide 
which is rendered necessary, because bromine is liquid and iodine Bolid. Phosphorus 
tri-iodide, PI 3 ; tetra-iodide, P 2 I 4 , or penta-iodide, PI B , is formed. Each of these 
reacts with water, fonmng hydrogen iodide PI B +ffi 2 0=H 8 P0 4 +5HI ; etc An 
excess of iodide is recommended by L Meyer m order to avoid the formation of 
phosphorous acid* 2P+3I 2 -|-6H20=2H3P0 8 -|-6HI, and the formation of 
phosphine. With an excess of iodine the mam reaction is symbolized : 2P+5I 2 
4-8H 2 0=2H^P04+10HI Lothar Meyer mixed 100 grins, of iodine with a tenth 
of its weight of water m the flask, and by means of a dropping funnel gradually 
added a “ slip ” made by mixing 5 grms. of red phosphorus with twice its weight of 
water. The idea is here to keep the iodine always in excess so as to avoid the 
formation of phosphine, which is liable to occur when the phosphorus is in excess 
M Adams says time can be saved by cooling the flask by a freezing mixture while 
the phosphorus is being added , in this way the operation requires but a few minutes 
when half an hour is needed without the cooling A Bannow dropped a soln of 
iodine in cono. hydriodio acid on solid phosphorus ; and N A. E Millon used a 
mixture of phosphorus, potassium iodide, iodine, and water — cooled if necessary to 
reduce the violence of the reaction . 2P+5l2+^KI+8H a 0=14:HI+2K2HP04. Pree 
iodine is removed from the gas by passmg the hydrogen iodide through a small 
U-tube containing a little water, and then through a tower packed with red phosphorus 
and glass wool A little phosphomum iodide may be formed m the tower The 
gas can be dried by passmg it through a tube containing calcium iodide , or, according 
to V. Meyer, phosphorus pentoxide Calcium chloride is partially decomposed by 
the gas According to A. van den Berghe, hydrogen iodide is formed when a 
cone soln of the acid is slowly dropped on solid phosphorus pentoxide, and the gas 
washed with a cone soln of calcium iodide 7 Hydrogen iodide cannot be collected 
over mercury because the mercury is attacked , it can be collected by the upward 
displacement of air. 

As with hydrogen bromide, but unlike hydrogen chloride, hydrogen iodide 
cannot be satisfactorily made by the action of sulphuric acid upon potassium 
iodide According to the conditions of the experiment, sulphuric acid can be 
reduced by hydrogen iodide to sulphur dioxide, free sulphur, or even to hydrogen 
sulphide. In the latter case the reaction is Bymbohzed : H 2 S04+8HL=^4H 2 0 
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+4l 2 -f H 2 S A dil sola of hydnodic acid is formed by passing hydrogen sulphide 
into iodine water H 2 S-f-l 2 “b Aq=2HI -f-S -f- Aq R M Glover used banum iodide 
and sulphuric acid According to B Lepsms, 8 molten phosphono acid, in place of 
sulphuric acid, gives very fan results with potassium iodide. W Stevenson used 
banum iodide. Gaseous hydrogen iodide is usually made by the decomposition of 
phosphorus iodide 

The purification of gases by fractional solidification. — It is comparatively easy 
to punfy solids by crystallization and hquids by distillation , but with gases, the 
air which clings obstinately to the walls of the vessel requires tho loss of a com- 
paratively large proportion of gas if it is to he washed out of the apparatus, and this 
the more, if the gas is scrubbed in calcium chlonde tubes , or in tubes containing 
phosphorus pentoxide and glass wool, or sulphuric acid and pumice-stone ; or m 
tubes conta inin g special absorbents for removing impurities With the more 
costly gases, this necessary washing of the apparatus free from air is a senous 
inconvenience In the more recent processes for purifying some gases, 9 the impure 
gas is cooled to a progressively decreasing temp , whereby moisture and gaseous 
impurities are frozen out, and finally the gas under investigation is liquefied or 
frozen solid The apparatus is then exhausted by tho mercury pump This 
removes gaseous impurities and air which may have been dissolved by the liquefied 
or solidified gas. The temp is then allowed to rise, the solid liquefies, then vaporizes, 
and is finally collected where desired The constancy of the bp is a criterion 
of the purity of the gases The method recommended for hydrogen iodide is as 
follows 


vessel 


The apparatus generating the hydrogen iodide is connected with the cylindrical glass 
isel A t Fig. 12, then with the two U -tubes, B and C. TheBe tubos have bulbs alternating 

with camNarv nnrtmnn All 'f/hnnn 



Fig. 


12 — The Purification of Hydrogen Iodide by 
Fractional Solidification. 


with capillary portions All those 
tubes are inclosed in double -walled 
Dewar flasks containing a mixturo of 
acetone and solid carbon dioxide 
which producos a tomp of —32°. 
Nearly all tho moisture is precipi- 
tated as ice in the first tubo A , and 
the remaining tracos are deposited 
on the extensive surface of tho first 
U -tube, where the gas is woll churned 
by the alternate confci action and en- 
largement of the stream Tho tube 
O serves as a chock on tho obhor two. 
It communicates by a 3 -way cook D 
with a condenser E t and the tube F. 
Tho condenser E is ooolod to —80° 
and connected with tho mercury 
pump. The pump is workod so aa 
to pull the mixture of air and hydro- 
gen iodide coming from the gas gene- 
rator through the apparatus The 
water vapour is condensed in the 
tubes A, B, and O ; the hydrogen 
iodide solidifies in the condonser E , 
and the air is drawn off by the pump. 


Whe* enough hydrogen iodide has solved, the 3™^*^^ Tan t£X 

denser in coimnumoatiou with the efflux tube, F, and tie system is exhausted. P Tlio cooling 
agent is removed from the condenser, when the hydrogen iodide melts evaporates a^d 
passes down the efflux tube to where it is required, » P » 
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§ 9. The Physical Properties of the Hydrogen Chloride, Bromide, and Iodide 

The hydrogen halides are all colourless gases which fume strongly in moist air ; 
they have an irritating odour, and an acid taste. According to M. von Pettenkofei 
and K B Lehmann, 1 animals exposed to air containing 3 4 per cent of hydrogen 
chloride for 1 £ hxs were seriously aSeoted ; rats withstood the gas best ; cats and 
rabbits died next day from this dose. A strong man can stand for a short time 
air containing only 0 05 per cent, of the gas, and the limit for workmen who have 
become accustomed to it is put at 0 1 per cent The hydrogen halides can all be 
condensed to colourless liquids, and frozen to white crystalline solids 

Vapour density and specific gravity. — J Dalton m 1808 gave the density oi 
hydrogen chloride as 1 23 , most subsequent observers found rather higher numbers. 
A. Leduo (1897), P A Guye and G Ter-Gazarian (1907), 0. Scheuer (1910), 
R W Gray and F. P. Burt (1911) 2 obtained the values 1 2692, 1*2684, 1 2681, and 
1*2679 respectively for the density of hydrogen chloride when that of air is unity — 
temp and press, normal, latitude 45°, and sea level The corresponding weights in 
grams of a normal litre are 1 6408, 1*6308, 1*6398, 1 6394, and 1 63915 grins, 
respectively. There is no sign of a polymerization at low temp, ; H. Blitz found a 
density of 1*197 at “-77*1° — the normal value is 1*268. F. F. Rupert measured the 
density of the vapour of hydrogen ohloride in the presence of its own liquid, 
expressed in grins per c o at 

51 ° 40 * 20 ° 0 ° — 16 ° — 80 ° - 60 ° 

Gas, HC1 . 0*278 0 181 0*0974 0 0639 0 0343 0 0238 0 0125 

H St C. Devillo found indications of free chlorine m the gas which had been cooled 
abruptly from 1500° ; but Y, Meyer and his co-workers obtained a normal density 
at temp, up to 1500°, and at 2500°, according to M Bodenstem and A. Geiger, the 
percentage dissociation amounts to only 1 3 per cent ,* and at 1000°, 0 00134 per 
cent , as inchoated m Table III. E Moles obtained 3*6442 ±0*00013 for the weight 
of a normal litre of hydrogen bromide, W. J. Murray 3*644010*005 grins. ; 
and 0. K. Reiman, S'6442 ± 0*0002 grms. 

C. Lowig (1829) 8 found the vapour density of hydrogen bromide to be 2 71 ; 
H, Biltz found a normal density 2*77 m the vicinity of its bp., at —15°, 2 989 ; 
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and at —28° 2 873, when the theoretical density referred to air unity, is 2 7926 ; 
the weight of a litre of this gas at 0° and 760 mm is 3 6167 Hydrogen bromide 
dissociates at elevated temp —at 1000° the dissociation is 0 144 per cent , and at 
2000°, 3 4 per cent as indicated in Table III According to J L Gay Lussac, 4 the 
density of hydrogen iodide is 4 4429 at 0° The theoretical value (referred to 
air unity) is 4 415 H. Blitz found 4 569 at —17°, and 4 619 at —24 9, and 
K Streeter, 4'443 at 120° These values may be regarded as indicating that the 
vapour density of hydrogen iodide over this range of temp is normal Indeed, 
excluding hydrogen fluoride, the vapour densities of the hydrogen halides are 
normal at their bp At 290°, hydrogen iodide is dissociated about 6 2 per cent , and 
at 1000°, 29 per cent as mdicated in Table III. 

The sp gr of liquid hydrogen chloride between its m p. and b p , according 
to D McIntosh and B D Steele, 6 is 


Temp. 

Sp. gr. 


— 104 5° —101*2° -98 2° —92 2° —89 8° —86*8° —83 1° 

. 1 2438 1 2347 1 2242 1 2127 1 2038 1*1937 1*1812 


G. Ansdell (1880) and F F Rupert (1909) have measured the sp. gr of liquid 
hydrogen chloride at higher temp ; the latter obtained 

51 ° 40 ° 20 ° 0 ° - 16 ° — 30 ° - 50 ° 

Sp gr. . . 0*572 0 707 0 839 0*929 0*984 1032 1*090 


The rapid increase in the sp gr with a falling temp corresponds with a large 
expansion with a rising temp The mol. vol of hydrogen chloride at its bp is 
30 8, and the corresponding values for hydrogen and chlorine are 5 5 and 25 3 — 
H Kopp’s value for chlorine, calculated from the mol vol of organic compounds, is 
22 8 

The sp gr of liquid hydrogen bromide, according to D McIntosh and JB D. Steele, 0 
is 


— 91 ° - 87 ° - 81 ° - 77 ° - 73 ° - 69 ° 

Sp.gr. . . 2*246 2 229 2 206 2 191 2176 2*160 


and they represent the whole range of sp gr D at T 3 absolute by the formula 
2 157+0 0088437(204 3— T) At 10°, L Bleekrode gives the value 1* 63. The 
mol. vol. at the bp is 37 4 , Kopp’s rule gives 33 4. D. McIntosh and B. D. Steele 
also give the following values for the sp gr. of liquid hydrogen iodide . 


- 51 ° - 47 ° - 43 ° - 39 ° - 35 ° - 31 ° 

Sp.gr. . . 2 863 2*847 2 830 2 813 2*796 2*779 

and the interpolation formulae for the sp gr D at T° absolute, Z>=2 *799+0 0120357 
(237 4— T). The mol vol. at the bp is 45 7 ; the value 43 3 is obtained by Kopp’s 
rule 

Deviations from the ideal gas law. — The deviation m the density of gaseous 
hydrogen chloride 1 6392 under normal conditions from the theoretical value 
1 6284 (referred to aiT unity) is because hydrogen chlonde is more strongly com- 
pressed under atm press, than corresponds with an ideal gas R. W. Gray and 
F P. Burt 7 have measured the pv - values for hydrogen chloride at 0°, and found 

p • 829 50 720 78 515*36 384*13 289*39 223*95 157*67 mm. 

v . 66 012 76 072 106 642 143*259 190*331 246*117 340 078 c.c. 

pv . 64767 64831 64968 56030 65080 55118 56146 

They found the variation of pv per unit of press decreases as the press, falls, and 
the rate of decrease if greater at lower press. If v Q and v x denote the volumes 
occupied by the same mass of gas at press p Q and p x , R W. Gray and F P. Burt 
give 55213 for and 54803 for p x v X) and the deviation of the gas from Boyle’s 
law per atm. between the press, limits 0 and 1 atm. is defined by the expression 
^(/(Po'Uo— PiVi)IPoVq[Pi—'Pq)- E Moles found for hydrogen bromide (pv) 0 /(pv) x ^= 1+A, 
where A=0 00931 . andC K, Reiman, A=0 00927 — the value for oxygen is 0*00097. 



THE COMPOUNDS OE THE HALOGENS WITH HYDROGEN 175 


P A Guye represents the relation between compressibility (pv) and press , p , 
by the formula (pv)=l-\-a-\-ap+bp z , where a, a, and b are constants 

The surface tension and Viscosity. — The surface tension or, and the molecular 
surface energy, (Mv)$, of R Eotvos was determined for liquid hydrogen chloride by 
D. McIntosh and B I) Steele 8 ' 


Temp. 

. -109 9° 

-101 3° 

-92 9° 

-89 8 

-84 8° 

-SO 4° 

a 

. 27 874 

26 261 

24 718 

24 046 

23 467 

22 400 


. 263 68 

250 80 

239 00 

233 66 

229 30 

221*03 


and the temp coefL da(Mv)i/dT—l 47, whereas with normal fluids, the value is 
2 12 , hence, it is inferred that the liquid is associated The viscosity of liquid 
hydrogen chloride rj referred to water at 22° unity is 0 590 at 160 8° K. ,0 530 at 
171 7° K., and 0 477 at 188 2° K The viscosity of liquid hydrogen bromide at its 
bp is 0 83, and the temp, coeff , 0 58 per cent , for liquid hydrogen iodide, the 
viscosity at the bp is 1 35 with a temp coefl of 0 70 per cent. According to 
P. Walden, the surface tension of liquid hydrogen bromide in dynes per cm. is 30 191 
at 181 8° K ; and D McIntosh and B D Steele’s formula for the surface tension at 
T° K. is a=3019(l— 0 00314T)/(1— 0 00314x1818) The surface tension of 
liquid hydrogen iodide is 29 06 dynes per cm at —47 7°, and the surface tension 
<r at T° K. is 0=20 96(1— 0 00265T)/(1— 0 00265x225 3) The specific cohesion, 
a 2 , of liquid hydrogen bromide at 186° K. is 2 67, and at T° K the value of ar 
=2 67(1—0 00274T)/(1— 0 00274x186) , and of liquid iodide at -47 7° is 2 01, and 
it vanes so that a 2 =2 08(1— 0*00230X225 3) The temp coelf of the molecular 
surface energy of liquid hydrogen bromide dcr(Mv)*/dT between —91° and —63° 
is neaily 2 03 The value for liquid hydrogen iodide is 1 99. These numbers are 
very close to those required for normal liquids Hence, this indicates that the 
liquids are not associated The application of several other of Walden's rules 
also makes it highly probable that hquid hydrogen bromide has the simple formula 
HBr, and ‘liquid hydrogen iodide, HI. The intrinsic press K of the four hquid 
hydrogen halides, calculated from J Stefan's rule (K— p)u&=J.MA, where p is 
negligibly small m comparison with K , is the mol. vol. at the bp.; M, is the 
mol. wt. ; and A, the latent heat of evaporation : 

HP Ha HBr HI 

Intrinsic press (about) • , 7300 2616 2240 2230 atm. 

The intrinsic press, thus decrease with increasing at. wt ; the opposite applies to 
the hquid halogens themselves 

The coefL of viscosity of hydrogen chloride gas is 0 000141 ; the free path, 
0 0000071 cm ; the collision frequency 5670 XlO 2 per second , molecular diameter, 
1*70 Xl0“ 7 cm , the coefL of condensation from gas to hquid, or Z) g£W /Z) Uamd 
=0 00282 The square root of the mean square of the molecular velocity of hydrogen 
chloride is 4 34 XlO 4 cm per sec , and the arithmetical mean, 4 XlO 4 cm per sec 

The critical constants. — In 1823, H Davy and M. Earaday 9 liquefied hydrogen 
chloride by sealing ammonium chloride m one leg of a W-shaped tube, and sulphuric 
acid in the bend By suitably turning the tube over, everything was collected in 
one leg , the empty end was placed in a freezing nurture Colourless hquid hydrogen 
chloride was obtained M Earaday did not succeed in sokdifying hydrogen chlonde, 
but be did both liquefy and sokdify hydrogen bromide and hydrogen iodide by 
cooling the gases at atm press with a mixture of solid carbon dioxide and ether 
K. Olsohewsky solidified hydrogen chlonde m 1884. Numbers for the cntical 
temp of hydrogen chlonde 10 vary from 51 25° to 52 3° ; the cntical press between 
83 0 and 96 0 atm , and the cntical density between 0 40 and 0 61 T. Estreioher 
gives the cntical temp of hydrogen bromide between 90 4° and 91 3° ; E Moles 
found 89 80°, which may be taken as the best representative value T. Estreioher 
estimated that the critical temp of hydrogen iodide lies between 150*7° and 150 4°. 
These numbers agTee with P. Walden's relations . ^T c —1 16 , and &T C — 0 94, 
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where T c denotes the critical temp, in absolute units , /? is the temp coefF of the 
surface tension , and h the temp coeff of the specific cohesion For example, for 
hydrogen iodide, =0 00265 ; and Jc = 0 00230 The critical proas are not known, 
but P. Walden's rule po=6 5o/log T b —0 012 T bj where cr denotes the surface tension 
at the b.p , furnishes for hydrogen bromide, 69 atm., and for hydrogen iodide, 71*0 
atm The critical density, D e , of hydrogen bromide is 0 807 and of hydrogen 
iodide T046 ; these numbers are calculated from P Walden’s rule, D 0 =0 373 8D b , 
where D b denotes the sp. gr at the b p — 2 157 for liquid hydrogen bromido, and 
2 799 for liquid hydrogen iodide E. Moles has compared the critical temp, 
calculated by a number of other formulas, with the observed values, and found the 
result is m agreement with C M Guldberg’s and P A Guye’s rules, but not with 
W R Fielding J s 

The boiling and melting points. — The b p of liquid hydrogen chloride 11 at 
atm pTess. is given aB — 82 9° by D McIntosh and B D Steele, and as — 83 7° 
by T. Estreiohex. The m.p of hydrogen chloride is — 111T° according to 
T. Estreichei, and — 112° according to E Beckmann and P Wantig. The bp of 
hydrogen bromide is given at — 64 19° (738 2 mm.) by T Estreicher, and — 68 7° 
(760 mm ) by D McIntosh and B D Steele , the m p. of hydrogen bromide is —86° 
accordin g to A Ladenburg and 0. Krugel, and —87 9° according to T Estreicher ; 
the latter gives —88*5° for the f p The b p of liquid hydrogen iodide is given as 
—34 14° (730 4 nun ) and —34*12° (739 8 mm ) by T. Estreicher, and —36 7° by 
A Ladenburg and C. Knigel. The mp. of solid hydrogen iodide is —50*8° 
according to T. Estreicher and D McIntosh and B. D, Steele ; and —51 '5° according 
to A Ladenburg and G Krugel 

H. M. Vernon (1891) 12 has pointed out that the b p of liquids sometimes give a 
clue as to their mol wt. For example, hydrogen iodide boils at — 25°, hydrogen 
bromide at —73°, hydrogen chloride at —100°, and it might be expected that 
hydrogen fluoride would boil about —120° , as a matter of fact, it boils about 19*4°, 
showing that the molecules of the liquid are probably more complex than is the case 
with the other three haloid acids H. Blitz observed no signs of polymerization with 
the other haloid acids , at — 77° with hydrogen chloride , at —28° with hydrogen 
bromide ; or at — 25° with hydrogen iodide. The bydrideB of oxygen, sulphur, 
selenium, and teUunum furnish another illustration of H. M Vernon’s rule. 

The vapour pressure. — D. McIntosh and B. D. Steele 13 give for the vap. pressj 
of liquid hydrogen chloride between the b and m.p • 

— 100 9 ° — 1018 ° -02 0 ° — 85 * 9 ° — 83 2 ° —80 5 ° 

Vap. press . 141 246 430 648 748 868 mm. 

M Faraday continued the measurements up to 4°, and to 50 56°. 

— 78 83 ° —45 55 “ —17 78 ° 0 ° 181 ° 33 4 ° 50 66 ° 

Vap press. . 1*80 6 30 16 04 26 20 41*8 68 86 86*33 atm. 

D McIntosh and B D Steele measured the vap press of solid and liquid hydrogen 
bromide of m.p. —86° : 

— 1042 ° —100 7 ° —96 3 ° —87 1 ° — 88 ° — 76 ' 7 ° —70 7 ° —68 4 ° 

Vap. press . 66 142 186 284 367 601 682 776 mm. 

The vap. press, of solid and liquid hydrogen iodide of m p. — 35*7° were also found 
to he : 

—77 9 ° — 74 ° —54 8 ° — 50 ° - 45 * 8 ° —89 6 ° — 86 * 9 ° 

Vap. press. . . 74 90 303 376 639 743 769 mm 

M. Faraday gave 2 -9 atm. at —32° , 3 97 atm at 0° , and 6'86 at 15-5°. 

The heats ol fusion and vaporization. — From the lowering of the f.p. of cymene 
and toluene hy the soln. of liquid hydrogen chloride, E Beckmann and P. Wantig 14 
calculate the heat of fusion of hydrogen chloride as 10 3 cals, per gram t of hydrogen 
bromide, 7 44 cals , and of hydrogen iodide, 413 cals D McIntosh, and B.D. Steele 
calculate from Clapeyron and Clausius’ equation d log ‘p/dT=X/RT !t , for the mol. ht. 
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of vaporization of hydrogen chloride at its b p., 3 64 Cals , of hydrogen bromide, 
4 16 Cals , and of hydrogen iodide, 4 94 Cals P. H. Elliott and D. McIntosh 
found experimentally 3 56 Cals for hydrogen chloride ; 4T5 Cals, for hydrogen 
bromide ; and 4 48 Cals, for hydrogen iodide T Estreicher and A. Schueir find 
3 6 Cals for the chloride ; 3 939 Cals for the bromide ; and 4 3318 Cals, for the 
iodide. The corresponding heats of vaporization per gram are 98 7 cals, for the 
chloride , 48 68 cals for the bromide ; and 33 9 cals for the iodide. T ronton’s rule 
for hydrogen chlonde gives the value 19 ‘0. This value, slightly lower than the 
normal, may mean a slight association. K. Tsnrnta prefers the relation : 
X=T(v ff — v^dpjdT, where v g and respectively denote the Bp vol of gas and liquid 
for calculating the heat of vaporization at higher temp, and press , because the 
volumes of gaseous and liquid hydrogen chloride can then no longer be neglected. 
He thus obtains for the heat of vaporization at 4°, from the data by G. Ansdell, 
61 02 oals., and at 49’ 9°, 2349 cals A Reis gives for the heat of sublimation of 
hydrogen chloride 3 6 Cals. ; for hydrogen bromide, 4 7 Cals. ; and for hydrogen 
iodide, 5 0 Cals. 

Specific heats. — According to H. V. Regnault,* 6 the mean sp. ht of hydrogen 
chlonde gas at constant press is C P = 0 1867 between 22° and 214° ; and for the 
ratio of the two sp ht G P /C V = 1 400 at 100°. According to W. Nernst and M. Pier, 
the mol ht. of hydrogen chlonde is the same as that of any gas with diatomic 
molecules difficult to dissociate — e g oxygen, nitrogen, carbon monoxide, etc — 
and up to the highest temp. 1900° the mean sp ht, between 0° and 0° is O p =6 885 
+0 000450 ; and C v =4*90+0 000450 ; and at 0°, C v =6 885+0 00090 ; and G v 
=4*90+0 00090. K. Streoker found the ratio of the two sp. ht. of hydrogen 
bromide to be 1 431, a value nearly the same as that of hydrogen , and from the 
relation G V —C V =R he calculates for C p —0 0820 ; and C v =0 0573 between 20° 
and 100° , according to P. A Muller at press between 752*4 and 293*9 mm. and 
temp between 37 8° and 10*1°, the ratio of the two sp. ht, is 1*3647 For the 
mol ht of hydrogen bromide between 0° and 0°, P Haber gives G p = 6 89+-0 000450 ; 
and M Bodenstem and A Geiger, for the true mol. ht at T°, find 0^=6' 5 +0*001 7 T , 
and O v =4: ‘5+0 0017 F. For the ratio of the two sp. ht. of hydrogen iodide 
between 20° and 120°, K Streeter finds CpfC v =sl 397 +0 001, and hence calculates 
Op=Q 0550 ; and (7 t ,=0'0394. From El Streeter’s values it follows that the 
mol ht of hydrogen iodide at T° are G p =6 5 +(0*0016+0*0003) T, and 4*5 
+(0*0016+0 0003) T. According to W Nernst, the mol. ht. of hydrogen iodide is 
nearly the same as that of hydrogen chloride 

Heats of formation. — J Thomsen 16 gives for the heat of formation of gaseous 
hydrogen chloride from its gaseous elements H+C1=HC1 +22 001 Cals, ; P. A. Favre 
and J. T. Silbermann give 23 783 Cals. ; and J. J B. Abna gives 24 010 Cals. 
M Berfchelot gave 22*0 Cals at ordinary temp, and 26 0 Cals at 2000°. J Thomsen 
gives 8 44 Cals , and P. A Favre 7 108 Cals , for the heat of formation of gaseous 
hydrogen bromide from liquid bromine and hydrogen; and for H+Br gas =HBr at 60°, 
12*3 Cals., when hydrogen chloride under the same conditions is 22 04 Cals. 
J. Thomsen considers the difference 9 74 Cals, to represent the higher affinity of 
chlorine for hydrogen M Berthelot gives H+Br gaa =12 3 Cals. ; H+Bri 3qu i d =8 6 
Cals. ; and H+Br 80 ] ld =7 3 Cals M de K. Thompson gives 8 4 Cals for the heat of 
formation, or total energy of formation and 11 950 Cals for the free energy of 
formation of hydrogen bromide from measurements of the potential of the cell 
H 2 1 HBr | Bx 2 For hydrogen chlonde the corresponding numbers are respectively 
22*3 and 22 2 Cals. For further observations on free energy see <c the e m f of cells.” 
M Berthelot gives for the heat of formation of hydrogen iodide H+Iaoiid—HIgaa, 
— 0 64 Cal, and H+I Ka ^=HI ea3 +0 4 Cals Fox solid iodine and hydrogen, 

J . Thomsen gives 6 036 Cals , and for gaseous hydrogen iodide, at the b.p of iodine, 
180°, —0 436 Cal M Bodenstem calculates for H+I gas =HIgr aB at ordinary 
temp. +0 4 Cal from M. Berthelot’ a data and 0*7 Cal from J. Thomsen’s data. 
F. Haber calculates 0*096 Cal. from the relation between the equilibrium constant 
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and temp. — wde§ 4 For the heats of formation in soln , etc , see the respective 
acids , and for the heats of formation from molecules and atoms of the elements, 
see Thermo-chemistry.” S J Bates and H D Ehrschman found the free energy 
of formation of hydrogen chloride is — 22700 cals., hydrogen bromide, — 12592 
cals , and hydrogen iodide, +310 cals. 

Optical constants. — P. L Dulong 17 found the refractive mdex of hydrogen 
chloride for white light to be 1 000447 ; and E Mascart, the refractive indices of 
the hydrogen haloids for the D-lme : 1 000444 for HC1 ; 1*000570 for HBr ; and 
l 000906 for HI L Bleekrode found the mdex of refraction of liquid hydrogen 
chloride to he 1 256 for the D-kne, and I 00045 for the gas Accordingly, the 
specific refraction of the liquid by J H Gladstone and T P. Dale’s formula is 
0 300 ; and of the gas, 0 277 H A Lorentz and L Lorenz’s formula furnishes 0*19 
for the liquid, and 0 185 for the gas. C and M. Cuthbertson obtained for the 
refractivities, (/x— 1) X 10 6 , at 0° and 760 mm., for the green mercury fine A=546 l/u/x, 
are 351 1 for HC1 , 614 9 for HBr , and 925 8 for HI. The results for what they call 
the dispersion (j u — 1) x10 6 jD/76D 0 , where D denotes the density of the gas at 9 
and Z> 0 its density at 0°, are indicated m Table Y. W. Sellmeyer’s formula for 


Table Y — Dispersion op the Hydrogen Halides 


Wave-length, 

HC1 

HBr 

HI 

1 

479 99 

451*87 

621*G0 

930 00 

520 91 ] 

449 30 

6X7 04 

930*15 

576 95 

446 66 

612 56 

921 06 

643 85 1 

444 44 

608 78 

913*34 

. 670 78 

443*75 

i 

607 52 

910 87 


the relation between the refractive mdex /n and the frequency n of the light vibration 
when w=the velocity! 7 — the wave-length A, is /x— l=O/(w 0 2 — 1 n z ) 3 where the values 
of the constant 0 X 10" 27 are respectively 4 6425, 5*1446, and 5 7900 for hydrogen 
chloride, bromide, and iodide , and of the constant w 0 2 xlO 10664*0, 8668*4, and 
6556*4 respectively for the same three gases. 

Spectrum. — According to J. Tyndall, 18 hydrogen chloride and hydrogen bromide 
absorb heat rays W. H. Julius found that hydrogen chloride had an absorption band 
for the wave-length 3 68 jx ; and K Angstrom and W. Palmaer at 3 41/x. W. de W. 
Abney and E R Feat mg found liquid hydrochloric acid had very feeble absorption 
lines in the ultra-red at 732, 741, 845, 867, and 949/x/x 

P. Drude 19 showed that the optical dispersion of crystals is hest explained by 
assuming that the infra-red absorption and emission bands are due to the vibrations 
of electrically charged atoms and molecules, rather than to the oscillations of electrons 
inside the atoms P Drude’ s views were confirmed when it was shown by E. Made- 
lung, A Einstein, W. Dehlmger, eto , that the frequencies of the Reststrahlen can be 
roughly computed from the elastic constants of the crystals N. Bjerrum also 
showed that the structure of the infra-red absorption bands of gases confirms 
M Planck’s quantum theory. In 1892, Lord Rayleigh proved that li an oscillator 
emits and absorbs light of frequency v 0 , and rotates with a frequency v r about an 
axis perpendicular to the direction of vibration, the emitted and absorbed light 
should be divided between the frequencies v Q + v r with a corresponding broadening 
of the spectrum lines In confirmation, N Bjerrum showed that in the infra-red 
absorption speotra of gases there is a broadening of the magnitude to be expected 
from the molecular rotations Unlike the bands m the infr a-red , (i) the lines in the 
visible and ultra-violet spectra are due to the vibrations of electrons inside the 
atoms ; and (ii) the atoms do not rotate with angular velocities comparable with 
those of the molecules 

P Drude’s hypothesis explains how in a diatomic gas like hydrogen chloride^ 
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HC1 there should be only one absorption band due to the vibrations of the two 
atoms along their line of centres If a rotation occurs only about the axes per- 
pendicular to the line of centres, then the distribution of the angular velocities 
leads to the assumption that there should be a doublet with a maximum corre- 
sponding with the most probable angular velocity of the molecules at the temp in 
question The infra-red spectrum of hydrogen chloride has a doublet with maxima 
at 3 40 fi and 3 65 fju at Toom temp From the separation of the maxima, N Bjerxum 
calculates that the moment of inertia of the HCl-molecule is 5 4xl0“ 40 gnns per 
sq cm , E, C. Kemble, that the distance between the atomic centres is 1 84 
Xl0“ 8 cm , and D A Goldhammer, that the molecular diameter is 3 0 X 10^ 8 cm 
Observations of W Burmeister and E von Bahr confirm the frequent appearance 
of double bands in the infra-red spectra of gases, and the separation of the maxima 
with temp in accord with N B] err urn’s theory. 

N Bjerrum predicted that more complex gases should furnish triplets, hut this 
is not m accord with observations with water vapour and carbon dioxide 
H A Lorentz, and W Nernst, however, have suggested that the molecule cannot 
rotate except with such angular velocities as make the energy an integral multiple 
of hv , and hence N Bjerrum concluded that the absorption in the extreme infra-red, 
say, beyond 40/i, supposed to be due to the direct action of molecular rotations, 
must be broken up into a senes of equally spaced narrow bands, while m the near 
infra-red, the vibrations mainly due to the atoms will be similarly made up of a 
senes of equally spaced fine lines which are really bands if observed with an apparatus 
of high resolving power. The predictions have been verified by N Bjerrum and 
A Eucken The subject was followed up by P Ehrenfest, E C Kemble, M. Planck, 
etc According to W Burmeister, chlorine and bromme gases show no infra-red 
absorption bands This follows from P. Drude’s hypothesis, for it is not to be 
expected that the atoms m these otherwise symmetrical molecules should turn out 
to bear charges of opposite sign , and the absence of these bands is considered to 
confirm the view that the bands in this region are due wholly to atonuo vibrations ; 
and that the presence of absorption bands is peculiar to those gases whose atoms 
are charged Hydrogen bromide and chloride have each one double absorption 
hand No harmonics have yet been observed in the infra-red spectra of hydrogen 
bromide and chloride ; although E. 0. Kemble anticipates that such may possibly 
be found if careful search be made 

Electrical conductivity. — According to A. L Hughes and A A Dixon, 20 the 
ionizing potential of hydrogen chloride gas repiesenting the least energy required 
to lomze the gas by the impact of electrons is 9 5 volts, when the value 6 50 volts 
is furnished by K T Compton’s formula *F— 0 194(K— 1)“* volt, where K is the 
specific inductive capacity, and V the ionizing potential ; the calculated value for 
hydrogen iodide is 4 55 volts A Reis gives for the energy of iomzation of 
hydrogen chloride, bromide, and iodide, the respective values 326, 315, and 305 
kgrm cals 

Liquid hydrogen chloride, bromide, and iodide have a low electrical con- 
ductivity 21 The specific conductivity of liquid hydrogen chloride is 0 167 Xl0“ 6 
at its b p — a value not far from that of pure water The specific conductivity of 
the liquid bromide is 0 05 X 10 -6 , and of the iodide 0 2 Xl0~ 6 . Most chlorides 
do not dissolve m liquid hydrogen chloride, but stannic chloride in soln does 
not make any appreciable difference to the conductivity E H Archibald found 
that quite a number of organic compounds formed conducting soln in liquid 
hydiogen chloride. 


The electrical conductivities of soln of a great many compounds in liquid hydrogen 
halides have been measured by E H. Archibald and JD McIntosh Tho conductivity is 
raised considerably by phosphoryl chloride Sodium, sodium sulphide, borate, phosphate, 
nitrate, thiosulphate, and arsenate , chromic anhydride , potassium nitrate, hydroxide, 
chromate, sulphide bisulphate, and ferro- and fom- cyanide ; ammonium fluoride and 
carbonate ; rubidium and caesium chlonde ; magnesium sulphate , caloium fluonde ; 
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strontium chloride , banum chloride, oxide, nitrate, and chromate ; coppor and zinc 
sulphates , mercmic, boron, aluminium, stannous, manganous, and feme chlorides ; 
al uminium , ferrous, nickel, and cadmium sulphates, coibon dioxide; phosphorus tn- 
bromide ; lead dioxide, nitrate, and cyanide ; and tartar emetic do not change the con- 
ductivity of the liquid halides very much. Many others, ketones, esters, nitriles, nitroso- 
eompounds, cyanides, thiocyanates, and ammonium bases form conducting soln Acetic, 
butync, propionic, benzoic, toluic, and sail cy ho acids form conducting soln, in liquid 
hydrogen chlonde or bromide The soln, of acetic, butync, and benzoic acids conduct 
better than m water Formic, maleic, o-phthahe, and cinnamic acids conduct in liquid 
hydrogen chlondo, not the bromide 

Soln, of various organic substances in liquid hydrogen compounds — hydrogen 
chlonde, bromide, iodide,* sulphide, and phosphide — are conductors of electricity, 
and it seems as if the non-ionizmg solvents become conductors by reaction with 
the solute L S Ragster and B. D Steele found that dry soln of hydrogen bromide 
in liquid Bulphur dioxide are practically non-conducting, but the addition of water 
gave conducting soln which gave off hydrogen at the cathode, and bromine at the 
anode, whilst water was carried from anode to cathode, and deposited there It was 
assumed that the water and hydrogen bromide form an oxomum compound which 
was electrolytic in character It was shown that if a simple hydrate is formed, the 
deposit of water at the cathode must be due to the loss of hydrogen bromide holding 
it m soln L S. Bagster and G Cooling have shown that this hypothesis is untenable 
because no like deposit of water appears at the anode. They further showed that 
the reaction is probably : 

H 2 0+HBr^>0<E 


The oxonium compound then ionizes HgOBr^HsO’+Br', and the HaO-ion loses 
its charge at the cathode durmg electrolysis and forms hydrogen and water. 

Dielectric constants. — The dielectric constant of liquid hydrogen chloride 22 is 
8 85 at —90° and 4: 60 at 27*7° under the press of its own vapour, and decreases 
still more with a rise of temp — the temp coeff is about —OB per cent. Liquid 
hydrogen bromide has the value 6 29 at —80°, and 3 82 at 24.7° — the temp cooll. is 
about —0 6 per cent Liquid hydrogen iodide at —50° has the value 2B8, and at 
21 7°, 2 90 — -the temp. coefE is nearly zero. The dielectric capacity increases on 
solidification, for the solid, at — 70°, had a dielectric constant of 2 95. Hence, the 
dielectric constants of the hydrogen halides increase with mcreasmg mol wl. The 
dielectric constants of these solvents are low in comparison with those of other 
solvents with a similar good ionizing power The dose parallelism shown by 
J. J. Thomson and W Nernst, to subsist between the ionizing power and the 
dielectric constant of a solvent, and the fact that B. D Steele, D. McIntosh, and 
E H Archibald have shown that the liquid hydrogen halides form good conducting 
soln. with several organic acids and alcohols, indicates that these solvents would 
have a high or medium dielectric capacity The results show that the hydrogen 
halides have anomalously low values, meaning that unless the mobilities of the ions 
are abnormally lngh in these solvents, the parallelism with the dielectric capacity — 
if vahd — is obscured by Borne otheT important factor. It is important to note that 
many organic solutes form compounds with the liquid halides — e g. ether and 
hydrogen bromide form a compound (CgHg^O HBt, melting at — 42° ; presumably 


c 2 h 6 >u < 
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§ 10. Properties o£ Hydrochloric, Hydrohromic, and Hydriodic Acids 


Hydrogen chlonde, bromide, and iodide are copiously soluble in water. Under 
atm press one volume of water absorbs 505 vols. of hydrogen chlonde at 0° 
(H Deicke, 1863) ; approximately 600 vols. of hydrogen bromide at 0° (M Berthelot, 
1873) ; and 42 5 vols. of hydrogen iodide at 10° (J L. Gay Lussao, 1814). The 
absorption of the gases is accompanied by the evolution of much heat The great 
solubility of hydrogen chlonde is illustrated by the well-known experiment in which 
a large flask is filled with the gas and closed by a rubber stopper fitted with a glass 
tube drawn to a jet, so that the jet is 8 ox 10 cm from the bottom. The flask is 
inverted and the open end of the tube dipped in watex tinted with blue litmus. 
The water nses in the tube as it absorbs the gas, and when it reaches the jet, it forms 
a water cascade or fountain inside the flask. At the same time, the blue litmus is 
coloured red, because the soln. of the gas in water is an acid — variously called 
hydrochloric acid , chlorohydnc add , munaiic acid , ot spirit of satis . Similar remarks 
apply to the relations between hydrogen bromide and hydrohomic acid , or bromo- 
hydne acid , and between hydrogen iodide and hydnodic acid oi todohydne acid 
Solubility in water. — The solubility of hydrogen chloride in watei at different 
temp, and press has been investigated by H. E Rosooe and W. Dittmar, 1 who 
found results which may be expressed m several different ways (press. 760 mm.) 
Let 0 denote the volumes of gas in c c *per 100 o c. of water ; G\ grms of H01 per 
100 gTms of water , and C 2 grms of HOI per 100 grms. of soln. 
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At temp below 0° H. W. B Roozeboom measured the amount of gas m grams 
dissolved by 100 grms of wateT when the Bum of the partial press, of hydrogen 
chlonde and water was 760 mm at the inchoated temp. : 

_ 0 ° — 6 ° - 10 ° — 15 ° ,— 18 ° —18 8 ° — 21 ° — 24 ° 

Grms gas . 84*2 86 8 89-8 93-3 96*7 96 0 98-3 101’2 

The soln below — 18 3 are supersaturated and unstable since there is a maximum in 
the solubility curve at —18 3° corresponding with the formation of the dihydrate, 
HC1 2H 2 0, as indicated in Fig 14 

Trihydrated hydrogen chloride, HC1.3H 2 0, melting at —244°, is stated by 
S. U Pickenng to separate from soln containing between 25 1 and 42 '5 per cent 
of hydrogen chlonde at temp between —80° and —25 65° Dihydrated hydrogen 
Chloride, HC12H 2 0, separates when a sat soln of hydrogen chloride is cooled 
below —40°, and from soln containing between 43 93 and 48 81 per cent, of HC1 
at temp between -26*25° and -17*5° J I Pierre and E. Puchet* also obtained 
the same hydrate by leading dry hydrogen chlonde into cone hydroohlonc acid 
cooled between — 2 d° and 30°. ' This hydrate melts at 0° , and in open vessels 
dissociates at about -18 3° ; in closed vessels at —17 7°. The heat of formation 
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of the solid hydrate is 14 1 Cals, and of the liquid 11 ’6 Cals Monohydrated 
hydrogen chloride, HC1 H 2 0 3 isolated by F. F. Rupert, has a sp gr 1 48, melts at 
—15 35°, and the vap press at the mp. is 17 3 atm The dihydiate is very 
soluble m water and sparingly soluble m liquid hydrogen chloride The f p. 
of the binary system water and hydrogen chloride, have been determined for 
soln. containing less than 67 per cent of hydrogen chloride, as shown m Fig 13, by 
J. I Pierre and E Puchet, S U Pickenng, H W B Roozeboom, and F. F. Rupert 
(1909) Starting with pure water, the addition of hydrogen chloride steadily 
depresses the f p to the eutectic temp. — 85°, AB, when the soln contains 25 per 
cent of HOI. Further additions of hydrogen chloride raise the freezing temp , 
BG, np to —24 4°, when the mixture contains 40 3 per cent of HC1, and thus 
corresponds with trihydrated hydrogen chloride, HOI 3H z O Continued additions 
of hydrogen chloride depress the f p curve, CD, to a second eutectic, —28°, and 
then raise it, DE , to a second maximum, — 17 7°, corresponding with 50 31 per cent, 
of HC1, that is, with dihydrated hydrogen chloride, HC1 2H 2 0 The curve EJ 
represents the soln m equilibrium with the gas at atm press S U Pickenng did 
not obtain the maximum with the dihydrate because its dissociation press exceeds 
760 mm , and for the further exploitation of the system it is necessary to work m 
closed tubes H. W B Roozeboom found the dissociation press p mm of mercury 
at different temp to be 

—23 4 ° —20 5 ° —18 8 ° -18 3 ° -18 06 ° —17 7 ° 

p . . .194 376 628 760 893 1080 mm 
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The sp. gr of the dihydrate at —18 3°, referred to water at 4° is 1 46 , and according 
to M Berthelot, the heat of formation of the solid hydrate is 14 1 Cals The f.p, 
curve again descends, EF , to a third eutectic, 

— 23*5°, with increasing cone , and rises, *FG, 
to a* third maximum, —15 35°, when the soln 
contains 66*9 per cent of HC1, correspond- 
ing with monohydrated hydrogen chloride, 

HC1.H 2 0 The first eutectic is concerned 
with the system, H 2 0 HC1 3H 2 0 , the second 
eutectic with the two hydrates, HC1 3H 2 0 : 

HC1 2H a O , and the third eutectic with the 
system, HC1 2H 2 0 HC1 H 2 0. Each of these 
three systems behaves like ice and brine. The 
three maxima thus correspond with the three 
hydrates, HC13H 2 0, HCL2H 2 0 , HC1.H 2 0 
All three hydrates have been isolated in the 
form of white crystalline solids With more cone soln the liquid separates into 
two layers on cooling The lighter liquid is almost pure hydrogen chloride 
‘with very little dissolved water Soln with between 67 and 99 per cent hydrogen 
chloride do not exist at low temp The solubility of water m liquid hydrogen 
chloride, LE , is less than 0 1 per cent at 0°, and at the most 0 2 per cent 
at 30° The lower aq layer, @H } represents soln of liquid hydrogen chloride in 
water, whioh decreases with rise of temp. : 
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Fig. 13. — Equilibrium Curve of the 
Binary System HC1— H 4 0 
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Below —15°, the aq layer freezes to crystals of the monohydiate The solubility 
curves BG and LK do not approach a critical soln temp with rising temp, ; at 
54 5°, the H01 layer vanishes, on account of its proximity to the critical temp, of 
hydrogen chloride The curve LM represents the solubility of the monohydrate in 
liquid hydrogen chloride The existenoe of an octohydrate, H01 8H 2 0, has been 
inferred from the heat of soln of hydrogen chloride in water , but it is quite an 
imaginary hydrate, for it has not been isolated If it does exist, its presence is not 
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indicated on the f p curve, Pig. 13 Maximal points in a f p curve of a binary 
mixture thus represent compounds, minimal points eutectic mixtures The 
freezing or melting point curve of a mixture of two (or more) substances is often 
sensitive enough to demonstrate the existence of the more stable compounds, 
but it is too rough and inaccurate for the less stable compounds, and there are 
compounds stable outside the range of the conditions represented by the curve 
Por example, several definite compounds of phosphorus with sulphur or selenium 
have been prepared which are not represented on the f p. curves Nevertheless, 
this method of investigating stable hydrates has been applied to ammonia, ferric 
chloride hydrates, perchloric acid, sulphuric acid, mtno acid, etc , and it has 
important application in metallurgy. G. Baume and co-workers also studied the 
binary systems HOI and H 2 S ; HC1 and C 2 Hq ; HC1 and C2H5 COOH , HC1 and 
CH s OH , HC1 and S0 2 , and HC1 and CH 3 C1 

J Kendall, J E. Booze, and J C Andrews 3 have shown that the formation of 
hydrates, m the sense of water of crystallization, with the weak acids very seldom 
occurs, and when hydrates are formed, the acid has the amphoteric character of a 
phenol There is also a regular increase in the tendency of an acid to form hydrates, 
as the strength of the acid increases, until, with the strong acids, well-defined 
stable hydrates appear The complexity and stability of the hydrates increase 
with the strength of the acid These facts are m harmony with the weak acid 
nature of water 

The solubility curves of hydrogen bromide have been investigated by 
H. W B. Roozeboom and S U. Pickering 4 The absorption coeff. B is indicated 
below H. W B Roozeboom gives for the number of grams of hydrogen bronude 
G per 100 grms of soln , or per 100 grms. of water, between 760 and 765 mm 
press : 
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The solubility with ice as the phase ranges from 35 755 per cent of HBr at 
—64 8° to 3 490 peT cent, of HBr at —1 5° The solubility with the tetrahydrato 

as the solid phase ranges from 54 772 por cent, of 
HBr at — 56 8° to 47 069 at — 66 5° ; and with the 
trihydrate as the solid phase from 59*517 per 
cent of HBr at —47 9° to 47 9° to 55 699 at 
— 54*0°. These solubility curves are eq. to the 
f p curves shown in. Fig 14. The hydrates of 
hydrogen bromide are therefore monohydrated 
hydrogen bromide, HBr H 2 0, stable between 
— 3 3° and — 15 6°, and between 1 and 2-J atm * 
press , and m soln containing between 1 21 to 
1 64 mol of water to a mol of hydrogen bromide 
Outside one extreme of these limits liquid hy- 
drogen bromide appears, and outside the other, the dihydrate The m,p, of the 
dihydrate has not been observed Dihydrated hydrogen bromide, HBr 2H e O is 
stable between —15 5° and —11 3°, and between —11 3° and —47*9°, at about 24 
atm press , and in soln containing 1 64 to 3 05 mol. oi hydrogen bro mi de to one of 
water. The solid phases outside the extreme hunts are the di- and tn- hydrates The 
dfcydrate forms white crystals of sp gr 211 (-15°) According to H W B 
Roozeboom its heat of formation at -15° is 16 92 Cals. M. Berthelot’s values 14-2 

BBr wo ™ "rir °J lic ^ d Trih y drated hydrogen bromide, 

HBt.3H 2 0, is stable between 47 9 and —36 8 , m soln. containing from 3'05 to 3 71 

, , of . water ° ne ° f the brom i de The extrapolated m p is —47 5°. and the two 
solid phases outside the extreme limits are the di- and tetra- hydrates. Tetrahyflrated 


u -tv au icu tou ujv cru cau ooj oou to 

Grms HBr in loogrms H t 0 
Fig 14 • — ^Equilibrium Curve of 
the Binary System HBr— H a O 
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hydrogen bromide, HBr4H 2 0, is stable at about —55 8° or —56*8° in soln. con- 
taining about 3 71 mol. of the bromide Jts m p is — 55*8°. S. U Pickering also 
assumed the formation of pentahydrated hydrogen bromide , HBr 5H 2 0, but there is 
some doubt about the existence of this compound G Baume and N Georgitses 
also studied the binary system HBr and H 2 S. 

The solubility curve of hydrogen iodide 6 is indicated in Pig 15, which also 
represents the f p curve. Since the quantity of absorbed gas changed very little 
with variations of temp , M Berthelot concluded that hydrates must be formed m 
aq sohi , and S U Pickering investigated the f.p and saturation curves m the 
system: hydrogen iodide and water He showed the existence of the three 
hydrates indicated m the diagram by passmg hydrogen iodide mto hydnodic 
acid cooled by a freezing mixture, (i) a mass of 
crystals of dihydrated hydrogen iodide, HI 2H 2 0, 
meltmg at about —43° ; (u) small granular 
crystals of trihydrated hydrogen iodide, HI 3H 2 0, 
meltmg at about —48° , and (m) large crystals 
of tetrahydrated hydrogen iodide, HI4H 2 0, 
melting at about —36 5° M. Berthelot’ s 
HI 4 7H 2 0 is probably the imperfectly dried 
tetrahydrate 

The effect of press on the solubility of 
hydrogen chloride was determined by H E. 

Roscoe and W Dittmar In the first case, the 
indicated press m mm of mercuTy were obtained 
by subtracting the vapour press of water from the observed press. The amounts 
of hydrogen chloride m grams dissolved by 100 grms. of water at different press., 
and at 0°, are 
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Fig 16 — Equilibrium Curve of 
the Binary System H a O— HI. 


60 100 200 400 500 750 1000 1800 mm 

Groms HC1 . 61*3 66*7 70*7 76*3 80-0 82*4 86*6 89 6 

The solubility of the gas does not follow Henry’s rule ■ the amount of gas 
dissolved at a constant temp vanes proportionally with the press If it did, since 
100 grms of water dissolve 89 5 grms of the gas at 1000 mm press , the solubility 
at one-tenth t his press , viz at 100 mm. press , should he one-tenth this amount, 
mz 8 95 grms , whereas the actual amount dissolved is 65*7 grms This behaviour 
of the gas, says H E Roscoe and'W Dittmar, renders it necessary to assume that 
there is a powerful attraction of the nature of chemical affinity between the molecules 
of water and of the gas, and which is different from the attractive force between the 
molecules of the water and the molecules of other gases which follow Henry’s rule 
According to the iomc hypothesis, it is assumed that the greater portion of the 
dissolved gas is ionized, and that only the smaller portion which is not ionized 
follows Henry’s rule H W. B. Roozeboom found similarly at temp below 0°, the 
amount of gas in grams dissolved by 100 grms of water at press above and below 
760 mm. is 86 8 grms at — 21° and 334 rnm pxess ; 92 6 grms at — 19° and 
580 mm. , 98 4 grms at — 18° and 900 mm ; and 101*4 grms. at — 17 7° and 
1073 mm 

As in the case of hydrogen chloride, the effect of press on the solubility of 
hydrogen bromide m water is not in accord with Henry’s law Thus, H. W B. 
Roozeboom found that at 0°, a gram of hydrogen bromide at 5 mm press , 2 504 
at 380 mm , 2 116 at 540 mm , and 2 212 at 760 mm press. He also examined 
the press -temp concentration curves 

The specific gravity and concentration.— The sp gr of aq. soln of hydrogen 
chloride of vanous cone have been determined by J Kolb, J C G de Marignao, 
G Lunge, etc 0 G Lunge’s results are indicated in Table YI for vanous cone of the 
acid at 15° ; water at 4° unity. 
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Table VI Specific Gravities of Hydro chloric Aoid of Different 

Concentrations. 


Specific gravity 
at 15 s in 
vacuo 

100 parts by 
weight corre- 
spond to parts 
by weight of 
HC1 

1 litre 
contains 
g of HOI. 

Speoiftc gravity 
at 15° in 
vacuo 

100 pails by 
weight coire- 
spond to paite 
by weight of 

1 litre 
contains 
g of HOI. 

1*000 

0*16 

1 6 

1*105 

20 97 

232 

1 005 

1 16 

12 


21 92 

243 

1 010 

2*14 

22 

1*115 

22 86 

255 

1 015 

3 12 

32 

1*120 

23*82 

267 

1 020 

4 13 

42 

1*125 

24*78 

278 

1-025 

5 15 

53 







1*130 

25 76 

291 

I 030 

6 16 

64 

1*135 

26 70 

'aHTtHSsB9 

1-035 

7 ] 5 

74 

1 140 

27 06 

315 

1*040 

8*16 

85 

1*145 

28 61 

328 

1 045 

9 16 

96 

1*150 

29 57 

340 

1 060 

10 17 

107 







1'155 

30 65 


1 065 

11 18 

118 

1*160 

31 52 

366 

1-060 

12 19 

129 

1*165 

32 49 

379 

1-066 

13*19 

141 

1*170 

33*46 1 


1*070 

14 17 

152 

1*175 

34 42 

404 

1*075 

16 16 

163 







1*180 

35 39 

418 

1*080 

16 15 

174 

1 185 

30 31 


1 086 

17 13 

186 

1*190 

37 23 

443 

1*090 

18 11 

197 

1*195 

38 16 

456 

1 095 

19 06 

209 

1*200 

39 11 

469 

1*100 

20 01 

220 





The percentage composition p of a soln. of sp. gr. D is nearly p==20Q(.D— 1). 
J. Thomsen based the formula 


Specific gravity, D = 


100 /100 — l-Q766pY 

100— pVlOO — 0*726p/ 


for the relation between the Bp. gT D and the amount of hydrogen chloride jp in 
grams in 100 grms of soln. npon some old sp gr* tables of A. Ure. H. Gautier has 
shown that the amount of hydrogen chloride in grams in 100 grms. of soln is giv*n 
approximately by dividing the sp. gr less unity by 5 1 The sp gr of soln of 
hydrogen bromide of different concentrations 7 is inchoated m Table VII. 


Tabus VII — Speoibto Gravities of Hydrobbomio Aoid of Different Concentrations. 


Per 

cent. 

HBr 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

0 

___ 

1007 

1014 

1*021 

1*028 


1 043 

1060 

1*068 

1*065 

1 


1 081 

1089 

1 097 

1 106 

1*114 

1*122 

1*131 

1*140 

1*149 

2 

1 168 

1*167 

1*176 

1*186 

1 196 


1216 

1*225 

1*235 

1*246 

3 

1257 

1 268 

1 279 

1 290 

1 302 

3*314 

1 326 

1 358 

1*351 

1-363 

4 

1370 

1389 

1403 

1417 

1*431 

1*446 

1469 

1 475 

1*487 

1 602 


The sp. gr of soln of hydrogen iodide sat at atm press, is 1 99 or 2 00, and it 
fumes in air. The sp gr of different concentrations, 8 between 12° and 14°, is 
indicated in Table Till, where the numbers are referred to water at the same temp 
The sp gr of hydiobromic or hydriodio acid does not increase proportionally with 
the con c The numbers by different observers are not very concordant. 
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Table VIII — Specific Gravities op Hydriodio Acid op Dihteeent Concentratiohs. 


Per 
cent 
of HI 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 


1*007 

1*016 

1*022 

1 030 

1037 

j 1*044 

1 062 

1 069 

1*006 

1 

1 072 

1 081 

1*090 

1 100 

1 109 

1 118 

1-127 

1 137 

1 147 

1*167 

2 

1 167 

1 177 

1*188 

1*199 

1*210 

1221 

1-231 

1 242 

1 262 

1 263 

3 

1 273 

1 284 

1 295 

1*306 

1*318 

] 330 

1 1-343 

1 369 

1*370 

3*388 

4 

1406 

1 419 

1 432 

1*446 

1*470 

1435 

1 490 

1*606 

1*623 

1*639 

6 

1 667 

1 686 

1 000 

1*614 

1*629 

1849 

1 669 

1 689 


" 


The molecular volume, v, of hydrochloric aoid 9 containing n mol of water is 
given as i;=18w-fl0w'“ 1 The mol vol of dil soln of hydrogen chlonde were 
found by F. Kohlrausch and W. Hallwacbs to increase regularly with the molecular 
concentration According to M Bexthelot and W. Louguunne, the mol vol , v : of 
soln of hydrogen bromide, HBr+wH a O, is v=18n+7w““ 1 +25 , 5 , and of hydrogen 
iodide, HI+rcH 2 (h is v=18n-{-l8'h. 

Coefficient of thermal expansion. — According to J. Kolb, the coefh of theimal 
expansion of the cone 43’09 per cent acid is 0 058, nine times greater than that of 
water, while with ordinary — 36 6 per cent — acid, the coefE is eight times larger than 
water J C G de Mangnac found that if n denotes number of mol. of water per 
mol of hydrogen chlonde, 6 the temp , a the coefE of thermal expansion, and D the 
sp gr when the sp. gr. of water is 0 99826 * 


Table IX. 


n 

D 

X> at 20° 

a 

a at 20° 

5 26 

1-13040-0 0.50490+0 0.00050* 

1*12030 

0 0,4460 +0 0,04300 

0 0 3 4646 

12*5 

I 07367-0 0,30010-0 0,16660* 

1 06700 

0 0,2800 +0 0,33010 

0 O 3 340O 

26 

I 03946-0 0,16800-0-0,32530* 

1 03600 

0 0,1615+0 0,64180 

0 0,2799 

60 

1 02005-0 0,06730-0 0,43780* 

1*01766 

0 0,0652+0 0,87100 

0 0 a 2394 

100 

1 01071-0 0,03130-0-0,48460* 

1 00815 

0-0,0284 +0-0,97800 

0 0,2240 

200 

1 00560-0 0,01730-0 0,48470* 

1 00330 

0-0,0163+0-0,97680 

0 0 3 2107 


G. Lunge and L Marchlewsky found that between 13° and 17° the sp. gr, of 
hydroohlonc acid, between 1 000 and 1 040, increases or decreases 0 002 per degree 
below or above the standard 15° ; for an acid between 1*041 and 1 085, 0 003 ; 

between 1 086 and 1 120, 0 004 , between 1 121 and 1 155, 0 005 , and between 
1 156 and 1 200, 0 006 ST A Tschemay found the volume, % of hydrochlonc acid 
at 0? to be for HC1+6*25H 2 0, v=l+0 0 S 4460(9+0 O 6 21250 2 , HC1+12 5H z O; 
u^l-f£O 8 28OO0+OO fi 165O02 ; HC1+25H 2 0, u==l+0 O 8 15150+O O 5 32O902 ; for 

HC1+50H 2 0, tt=l+OO46520+O O B 43550 2 . G Tammann and Z Kozarzewsky and 
N A Tschemay 10 found the maximum density of soln with n mol. of hydrogen 
chlonde per 1000 grms of water, and the coeff of thermal expansion a, at 20°, to bo : 

n ... 0 41 0 94 1*71 2*01 299 

Temp . .119° —2 26° -10 64° —14*46° —26 26° 

a at 20° . . 0 00021 0 00023 0 00026 0 00026 — 

The maximum density of a 1 98 per cent soln of hydrobromio acid is 2 30°. A 
litre flask of an approximately normal soln. of hydrochlonc acid at 15° requires the 
addition or subtraction of the amounts moo indicated m Table X, according as the 
temp is above or below the standard 15° , and for one-tenth normal soln or soln 
of less concentration, the amounts indicated m Table XI. 
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Table X. — Temperature Correction for IV-HCl Solutions 


Temp 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 






+ 13 

+ 1 2 

+ M 

+ 1*0 

+0 9 

1 

+0 8 

CSu 


+0 3 

+0 2 

Unit 

-0 2 


-0*6 

-0*8 

2 

-1 1 

-1*3 

— 1*5 

-1 8 

— 2*1 

-2 3 

-0*6 

1 

— 2 8 

-3*1 

-3 4 


Table XI. — Reduction for the Change of the Apparent Volume of a Litre of 

Water with Temperature 


Temp. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 











1 

+0 48 

+0*41 




Unit 





2 

-0 77 


MiTTl 

-1 37 

— 1 68 

-1 81 

-2 05 1 


-2 67 

-2*82 

3 

-3 10 

-3 38 

-3 67 

-3 97 

-4*28 

mm 

EH 

-6*27 

—6 61 



According to W H Perkin, 11 the sp. gr of a 42*7 per cent soln of hydnodic acid 
is 1-4637 at 10° ; 1 4507 at 15° ; 1*4484 at 20° ; and 1 4467 at 25° 

Viscosity. — The viscosity, 12 rj, of soln of hydrochloric acid containing N mol. 
of HC1 per litre, determined by W H. Green at 24 9°, referred to water at 0° unity, 
and also in absolute units : 

N . . 0 2 4 6 S 10 12 

Relative, tj . 1 0000 1 1234 1*2572 1-4108 1 6041 1 8432 2 1387 

Absolute, 7) . 0*008977 0*010085 0*011286 0 0126660 0-0143990 0 016645 0 19198 

At low temp the viscosity increases very much F. Dorn and 33. Ydllnaer found 
the viscosity of the 24 3 per cent acid to be 0 01635 at 15°, and at — 79° approxi- 
mately 0 9. According to E Beyher, the viscoBity 7} of normal hydrobronnc acid 
at 25°, referred to water at 25°— unity, is 1*0320 , and for soln. of concentration 0, 
77=1 0378c According to 3? KohLrausch, at 18°, 5, 10, and 15 per cent. soln. have 
respectively the viscosities 0 000637 ; 0 001318 , and 0 002046 

Rate of diffusion. — The coeff of diffusion of hydrogen chloride in aq. soln., 
determined by J. D E Scheffer 18 at 0°, is, for soln. containing N mol of HC1 per 
litre, in sq. cm per day : 

N . . . 4*23 3*28 2*43 1*776 Q 962 0 210 

Diffusion coofF. . 2 31 2 08 1 86 1*67 1 62 1 39 

at 19*2°, and N= 3 2, the coeff is 3 89 , and for N=- 0 02, 2 12 for hydrobromic acid 
m dil. soln at 18°, the diffusion coeff is 2*48 sq cm per day , and for hydriodic acid, 
2*46 sq cm per day. According to C. Umoff, the diffusion coeff. of hydrogen 
chloride is 490 xlO" -7 sq. cm per sec , and of hydrogen bromide 497 XlO - ” 7 sq cm 
per sec. The velocities of diffusion of the three acids arc related as 989 : 965 . 994. 

The compressibility of soln of 250 litres of gas m a litre of soln is 0*0000366 at 
20*5°. This is less than the value for water, and is considered hy F. Isambert 1 4 
to indicate that a compound is formed m the soln W 0 Eontgen and J. Solmeidei 
measured the compressibility of hydrochloric and hydrobromic acids They found 
for a 2*51 per cent soln at 17 5°, a compressibility of j9=0 00004295 , and of a 
5 24 per cent, soln., 0 0000418 M. Schmidt found for a 36 7 per cent soln. of the 
former acid, 0*0000377 at 15 8° W 0. Eontgen and J Schneider found the com- 
pressibility of a 10 77 per cent soln of hydrogen bromide at 17*72° is 0 00004419 , 
and of a 5*23 peT cent, soln. at 17 81° is 0 00004511 

Vapour pressure.— The partial press of hydrogen chloride for aq. soln. of the 
gas has been measured by F. B Allan « at 18 4°, by B. Gahl at 25°, and by F Dole- 
zalek at 30° If C denotes the number of mols of hydrogen chloride per 1000 grams 
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of the solvent at 25°, S J Bates and H* D Kirschman found that the partial press., 
p } of hydrogen chloride, bromide, and iodide m mm of mercury are 

O , .40 60 60 70 80 90 10 0 11 0 

p(HCl) . 0*0182 0 0630 0 140 0 348 0 844 1 93 4 20 — 

p(HBr) . — — 0 00151 0 00370 0 0089 0 0226 0 069 0 161 

p(HI) . — — 0*00057 0 00182 0 0066 0 0295 0*132 — 

According to E. Dolezalek, for 4 98N-HC1 the partial press of the hydrogen 
chloride is 0 24 mm , and for 12 252V-soln , 337 mm If x denotes the number of 
mol of hydrogen chloride divided by the number of mol of water, the partial 
press of the more cone soln of hydrogen chloride, j> mm at 30°, is given by 
logio 73=7 9 log 10 x-{-6 6421 S J Bates and H D Kirschman found the free 
energy of the hydrogen halides m aq soln of n mols per 1000 grms of water at 25° 


n 


01 

60 

70 

80 

90 

10 0 

HCI . 

. 

-34330 

—27790 

—27250 

—20725 

—26326 

— 26776 cals 

HBr 


-27550 

—20366 

-19830 

-19300 

— 18760 

— 18190 „ 

HI 

. 

-15260 

-8035 

-7300 

— 6600 

— 6700 

— 4815 „ 


According to H W. B Roozehoom, D Konowaloff, and M Bodenstem and 
A Geiger, the vapour press of soln of hydrobromic acid with 2 056 grms of 
HBr per gram of water is 10 cm at —25°, and 38 cm at 0° , for a soln with 2 120 
grms of HBr for gram of water, 14 cm. at — 25°, and 54 cm at 0° with a soln 
containing 2 116 grin a of HBr per gram of water A soln. containing 2 268 grms 
of HBr per gram of water has a vap. press, of 30 cm at —25°, and 73 cm. at —5° 
when the soln contains 2 264 grms of HBr per gram of water 

The partial press of hydriodic acid is very small on account of the affinity of the 
hydrogen iodide for water According to P. Stegmuller, for soln. with 5 5 mols of 


hydrogen iodide per litre, the paitial press of hy- 
drogen iodide is 0 0000112 atm. at 31*6° , 0 0000873 
atm at 55 2° and 0 000661 at 81 6° , similarly, for 
a soln with 4 62 mols of hydrogen iodide per litre, 
the partial press is 0 00000121 atm at 31*6° ; 
0 0000107 atm at 55 2° ; and 0 0000964 atm at 
81 6° 

Boiling points, — The effect of hydrogen chloride 
on the b p of water is illustrated by the curve, Fig. 
16 The fact that the cone, acid becomes weaker 
and the dil acid stronger when boiled was known 
to J Dalton 16 in 1802, and the subject was 
investigated by A Bineau in 1843, and by H. E. 
Rosooe and W Dittmar m 1860 The latter showed 
that if an aq. soln of hydrogen chloride con- 



P&r ce/>£ HCi 


Fig 16. — Boiling Points of 
Aqueous Solutions of Hydro 
gen Chloride. 


taicung more than 20 24 per cent H01 be heated, 

hydrogen chloride with but little water is given off , the soln, becomes less 
cone , the vap. press of the soln diminishes ; and consequently, the b p 
rises as indicated by the curve This continues until the soln contains nearly 
20 24 per cent of HCI, when its b p attains a maximum value, 110° ; any 
further boiling does not affect the concentration of the aq soln because dal. 


acid containing 20*24 per cent of HCI distils unchanged Again, if an acid con- 
taining less than 20 24 per cent of HCI bo boiled, water accompanied by a little 
hydrogen chloride passes off , the b p of the soln gradually rises , and at the same 
time the soln becomes more cono until it contains 20 24 per cent HCI, when the acid 
of constant b p distils over unchanged at 110°. Henoe 110° is the maximum b.p 
of hydrochloric acid at atm press Similar phenomena occur with nitric and with 
several other acids A Bineau thought that the acid which corresponded with the 
maximum b p was an ootohydrate — that is, a chemical compound of hydrogen 
chloride and water — HCI 8H a O , hut H E Roscoe and W Dittmar showed that 



190 


INORGANIC AND THEORETICAL CHEMISTRY 

the composition of the constant boiling acid vanes with the press , and since com- 
pounds do not usually vary in composition -with changes of press , A Bmeau’s 
hypothesis has been abandoned For example, the composition of the constant 
boiling acid obtained at different press vanes from 23 2 per cent, hydrogen chloride 
with a press of 50 mm to a 18 0 per cent acid With a press of 2B00 mm 

A Bmeau also showed that by conducting a stream of air through cone hydro- 
chloric acid, at 15°, the residue with a constant composition contains 25 2 per cent, 
hydrogen chloride corresponding with the hexahydrate, HC1 6H 2 0 Conversely, 
with a dil. acid, water is lost until the residue has the same composition In con- 
firmation, T Graham observed a special retardation in the rate of flow of hydro- 
chloric acid of diminis hing concentration through capillary tubes with an acid 
corresponding with HC1 6H 2 0, and assumed that a definite hydrate was formed. 
H E Eoscoe and W Dittmar showed that at 0° the residue of constant composition 
has 25 0 per cent, hydrogen chloride, and as the temp rises, the acid of constant 
composition has less and less hydrogen chloride, until, at 100°, it contains 20 7 per 
cent of this gas in. soln H E Eoscoe and W. Dittmar ako showed that an aq soln. 
of hydrogen chloride which remains unchanged, at a definite press , boils at a certain 
definite temp , and is identical with the Boln obtained by treatment with a stream of 
dry air under ordinary press and the same temp. For example, a soln with 22 8 
per cent of hydrogen chloride boils constantly between 61° and 62° at 100 mm 
press , and a soln of the same concentration is obtained by leading dry air through 
acid at 62°. With soln of oxygen, ammonia, hydrogen, and nitrogen m water, the 
more volatile constituent leaves the soln before all the boiling water has evaporated 
Hydrochloric acid with the constant boiling composition evaporates as a mixture 
of water vapour and hydrogen chloride 

Fuming liquids. — Soln containing over 20 per cent HC1 fume in air Since 
cone aq soln of hydrogen chloride have a vap press greater than water, we can 
see a reason for .the fuming of hydrochloric acid m moist air , however cone the 
acid, it does not fume in a bottle containing air dried by sulphuric acid We know, 
of course, that hot water appears to fume in air because the cooler air in the vicinity 
of the hot water is quickly sat with water vapour Water at ordinary temp does 
not fume because it cannot give off more vapour than the air at the same temp, can 
retain. Cone hydrochloric acid fumes because the vapours which are given off 
unite with the aq vap m the atm to form an acid with a smaller vap. press than 
that of the cone acid Consequently, the air in the vicinity of the cone acid is 
veiy quickly sat. with respect to the vapour of the new acid which is formed. The 
new acid, m consequence, condenses to minute globules of liquid which appear aB 
mist Dilute acids do not fume because any vapours which they give oil do not 
form a liquid with a greater vapour press, than water. Hence, only those substances 
fume which give off vapours which unite with water to form a mixture or a compound 
with a vap press greater than water 

Hydrobromic and hydnodic acids behave m a similar maimer A, Bmeau, 117 and 
P« Champion and H Pellet found that constant boiling hydrobromic acid boils at 
125° to 125*5° at 758 mm . press , and this acid has a sp. gr. 1 4.86, and contai ns 
46 83 per cent of hydrogen bromide Hence A Bmeau thought it contained the 
pentahydrate HBr 5H 2 0, but H E. Eoscoe showed that, as m the case of hydro- 
chloric acid, the acid which boils constantly at 126° under a press, of 760 mm and 
which has 47 86 per cent of HBr, boils constantly at 153° under a press of 1962 mm. 
and then contains 46 3 per cent. BHr A. Bmeau also found that m a desiccator 
over cone, sulphuric acid and potassium hydroxide, the residue contained 49*46 per 
cent of HBr corresponding with HBT. 9 H 2 O ; the residue obtained on leading air 
through the acid at 16° contains 51 65 per cent of HBr, and at 100° , 49 35 per cent. 
The most cone acid has a sp gr 1*78, and contains 1 46 gnns. HBr, or 82 02 per 
cent HBr r 

Constant boiling hydnodic acid is boils unchanged at 127°, 774 mm. ; it has a 
B P P* I 708 1 and contains 57 0 per cent of hydrogen iodide. If dry air be passed 
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through the acid at 15°-19°, the residue contains 60 3 to 60 7 per cent, of HI ; 
and at 100°, 58 2 to 58*5 per cent of HI A Bmeau regarded the constant boilmg 
acid as a compound 2HI 11H 2 0, hut as H E Roscoe proved, this acid is not a 
chemical individual An acid with over 1*7 sp. gx fumes in air. A soln. sat at 0° 
has a sp gr. 1 99 

Freezing points. — Numerous determinations 19 of the fp. of hydrochloric 
acid have been made, and this acid has been regarded as a typical example for 
testing the deductions of the ionic hypothesis The molecular lowering of the 
f p , i e the quotient of the lowering of the f p by the mol wt. rises from 2*52 for 
0 00036 A-soln to a maximum of 3 680 with 0 003050 A-soln. ; it then falls to a 
minimum 3 546 with approximately 0 lOA-soln , and slowly rises to 10 16 with 
6 0 27-soln. For complete ionization, the molecular lowering of the f p should 
be 2x1 858=3 716 Hence, the more dil soln are almost completely ionized, and 
the degree of ionization slowly decreases with increasing concentration A A Noyes 
and X G. Falk thus summarize the best representative values for 0 005 A- to 
0 lOiV-soln : 


2/-soln 

. 0 005 

0*01 

0*02 

0*06 

0-10 

Mol lowering 

. 3 700 

3*669 

3 637 

3 691 

3 566 

Ionization . 

. 99 1 

97 6 

95 7 

03 3 

91-7 per cent. 


It is possible that the drop observed by H. Hausrath with soln more dil than 
0 003 N~ is due to secondary disturbances The fall from 0 003N- to about 0*2.Z7" 
soln is due to decreasing ionization, and the subsequent increase in the molecular 
lowering of the f p is thought to be due to the formation of hydrates The f.p. 
curves of aq soln of the three haloid acids are shown in Figs. 13 to 15 

Heats of solution. — The heat of formation of a mol of hydrogen chloride with the 
hydrogen and chlorine in dil soln is H aq +Cl aq =HCl+39 Cals. J 0. G. de Mangnac 
represents the mol ht of formation, Q, of dil soln of hydrogen chloride, HCl+nHoO, 
by the formula Q=18w+ll 65+140w“ 1 ~268n“ 2 ; and H Hammerl, for cone, soln , 
gives Q=18ft+28 93+151 242 lw~ 2 If a mol. of hydrogen chloride is 

dissolved in an excess, say, 200 to 300 mol of water, the mol ht of soln is 17 3 to 
17*4 Cals 20 The heat of soln of hydrogen bromide : HBr ga8 +Aq =HBr aq -+-19 9 
Cals or 20 0 Cals ; the heat of formation of the acid H ga s+B T gas+Aq =HBr aq 
+32 0 or 33 3 Cals ; H gaa +Bri iq =HBr aq 428 3 or 29 6 Cals , and further, 
Hgab4J3r aq> =27 8 or 19*1 Cals Likewise with hydrogen iodide, Hgas+Isoiid 
4-Aq -HX+13 17 Cals ; H gft3 +I B0 M+Aq.=Hl4 20*686 Cals The heat of soln. 
is smaller if less water be present , thus, J. Thomsen found that if n denotes the 
number of mol. of water per mol of hydrogen chloride, the heat of soln of a mol 
of the gas, at 18°, is 

n . . 1 2 3 6 10 20 60 100 200 

Heat soln 6*376 11*366 13 362 14 969 16 167 16 766 17*116 17*236 17 315 cals. 

M. Bexthelot thinks the heats of dilution of hydrochloric acid favour the view 
that an octohydrate is formed, but this view is not generally accepted. H. von 
Stemwehr computed the heats of dilution of acids of different concentration 
J. H Ellis gave for the heats of dilution of HCl+20H 2 O to HC14«H 2 0, for w=30, 
0192 Cal ; «,=50, 0 336 Cal ; w= 300, 0 445 Cal ; ^=200, 0*515 Cal ; »= 400, 
0 564 Cal , rc=800, 0 605 Cal., and w=2000, 0 646 Cal The heat evolved 
when a soln. HCl4raH 2 0 is diluted to 200H 2 O is, according to M Berthelot, 
Q=11620 ti~' 1 cals ; and when a soln. HC1 +wH 2 0 is diluted with mH 2 0, 
Q=11980{w~ 1 --(»+ wl )~ 1 } T. W. Richards found the heats of dilution from 
HC1+8 8H 2 0 to HCI 42 OH 2 O, and thence to HC14-200H 2 0, to be respectively 
0 556 and 1 330 Cals . ; and E Bose has sho*wn that if a soln contains x per cent, 
of water, the heat of boIh Q will be Q=252 2880&C— 0 09894092a; 2 — 0 006995567a; 8 . 

The heats of neutralization of eq amounts of the hydroxides of the alkalies and 
alkaline earths, ammonium, magnesium, and thallium are between 12 and 14 Cals. ; 
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for mercuric oxide, and zmc, cadmium, manganous, ferious, cobaltous, nickelous, 
and aluminium hydroxides, between 9 and 11 Cals ; for lead and cupnc oxide ; 
cupnc, feme, and chronuc hydroxide, between 5 and 8 Cals , for mercurous oxide, 
15 Cals ; and for silver oxide, 21 Cals It is assumed that in the two last-named 
cases compounds aTe formed , that the acid and base and reaction products are 
wholly ionized when the heats of neutralization approximate 13 5 Cals , and that 
ionization is only partial in the other cases. 

The behaviour of hydrobromic and hydriodic acids is somewhat similar. The 
heat of soln , Q Si of hydrogen bromide HBr+«H 2 0 ; and the heats of dilution, Q i} 
of HBr nH 2 0 to HBr+200H 2 O at 15°, when the results are expressed in Cals , is 

n ... 0 2 3 4 6 6 7 8 10 

Q „ 0 13 92 16 15 17 3 17 9 18*4 18 8 18*9 19 0 

Q* d . . 20*0 0 08 3 85 2 7 2 1 1 6 1 2 1*1 1 0 

Similarly, for hydrogen iodide, at 17°, 

n . . 2 3 6 10 20 60 100 600 

Q . 12 54 14*81 17 38 18*58 18 99 19*14 19 18 19 21 

Q* d . . 6 67 4*40 1*83 0 633 0 22 0*07 0 03 — 

G N Lewis and H Storch measured the free energy of dilution of hydrobromio 
acid from a concentration of 0 10 N- and 0 03iV-HBr to a concentration of 0 OlIV-HBr 
to be respectively —2 582 CalB and —1 239 Cals Eot very dil soln of hydrogen 
bromide, the heat of soln , Q, according to E Bose, is Q=643*34335x — 7 344342a; 2 
—7 344342a; 2 +0 0291 9380a; 3 , where x denotes the weight per cent of water , similarly, 
for dd soln of hydrogen iodide, Q=760 4683a;— 1013041 6sc 2 +0 044749] 36X 3 It 
will be observed that while the heat of soln of hydrogen oblonde is 17 3 Cals , the 
corresponding values for the bromide and iodide are nearly the same, being respec- 
tively 19 936 and 19 207 Cals M. Berthelot’s formula for the heat of dilution Q 
for soln. of HBr+wH 2 0 in a large quantity of water is (2=12*06w~3 — 0*29 cals , and 
if n exceeds 40, the last term is dropped ; and his value for the heat of dilution Q 
foT soln, with HI+ttH 2 0 is Q—ll 74n ~ 1 —500 cals , and when n exceeds 20, the last 
term "may be omitted 

Specific heat — The sp ht., C, of soln, of hydrochloric acid with n mol of water 
per mol of hydrogen chloride have been determined by J Thomsen, 21 J 0 G de 
Wangnac, and H Hammerl The following are compiled from these data : 

n . . 4 23 5 20 6*49 10 20 60 100 200 

G . 0 627 0 660 0 688 0 749 0 865 0 932 0 964 0 979 

The Bp ht of the acid is less than that of the contained water ; due, accor ding to 
G. Tammann, to an increase of the internal press K of the soln by the dissolved gas 
For temp between 15 9° and 20 1°, the sp ht. of the soln HC1+200H 2 0 ib 0*9814 , 
of HCl+lOOHaO, 0 9634 ; HBr-f 100H 2 0, 0 9433 ; and of H3+100H 2 O, 0 9213 ; 
the corresponding mol. ht for the three last-named soln. are respectively 1771, 1776, 
and 177 8' Cals thus showing that the moL ht. increases with the mol wt According 
to H W. B Boozeboom, the sp ht , 0, of aq soln of hydrobromio acid/HBr+wH 2 0 , 
are : 

t» . 1*84 2*00 2*48 2 72 4*01 10 60 100 600 

O . 0*3827 0 3553 0 3624 0 3608 0 4340 0*6160 0*8876 0*9402 0 9688 

According to G. Jager, 22 the heat conductivity of hydrochloric acid referred to water 
at 100 is 72 6 for soln. with 38 per cent, of hydrogen chloride, 79 4 for 25 per cent, 
soln. ; and 12*5 for 85 8 per cent soln. 

Optical constants. — The index of refraction of hydrochloric acid is directly 
proportional to the density of the soln. Thus, J. Crichton 28 found 

Sp.gr 1 065 1 087 1 121 M46 1*177 

Index of refraction , 1-063 1 088 1*121 1*138 1 180 
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for cone soln /a= 1 4071 The molecular refraction at 13 2°, by J, H Gladstone 
and T P Dale’s formula, and for the D-line is 14 57 and 14 44 for soln containing 
respectively 0 025 and 1 204 grms of hydrogen chloride per 100 grins. , and at 20° 
by H A Lorentz and L Lorenz’s formula 

Per cent HC1 . . 7 74 15 00 28 23 

Index of refraction, fj, . .1 3508 1*3675 1 3988 

Lorentz and Lorenz’s constant . 14 51 14*40 14 28 

If jjlq be the refractive index of water, and G the number of grains of hydrogen 
chloride per 100 c c. of soln , (/a— /a 0 )/C is not constant, but decreases with increasing 
concentration, and increases from 0 002198 to 0 002466 m passing from the spectral 
lines A to H. H Jahn found for a soln containing 7 24 grms. of HC1 per 100 c c , 
ju a =l 3472, /a d = 1 3493, and ^=1 3540 , the corresponding numbers with soln. 
containing 3 637 grms of HC1 per 100 c c were 1 3393, 1 3413, and 1 3455 

According to J. H Gladstone, 24 the molecular refraction of hydrogen bromide m 
aq soln is 20 63 , the mdex of retraction for Na-light is 1 325 Accoxding to 
A Heydweiller, hydriodio acid is the only acid whose specific refraction does not 
increase with increasing ionization 

According to J Tyndall, 2 ^ the absorption spectrum of hydrogen chloride shows 
that the heat Tays are absorbed, and likewise also with hydrogen bromide more than 
with bro min e W H Julius found an absorption band with hydrogen chlonde at 
3 68 /a , and K Angstrom and W Palmaer, at 3 41/x W. F. Golbv, and E S. Imes 
have studied the infra-red absorption bands of hydrogen fluoride, chloride, and 
bromide W de W Abney and E R Festmg found very feeble absorption lines in 
the ultra-red spectrum of liquid hydrogen chloride at 732 /a/a, 741/^/a, 845/a/a, 867/a/a, 
and 949 /a/a, and beyond that there is complete absoiption 

The magnetic rotation ot the plane of polarization 26 for the D-line determined 
by W H Perkm and O Schonrock inoreaees with concentration up to about 5 per 
cent HC1, and subsequently decreases 

Per cent HC1 . . 1 90 4 05 5 65 7 17 16 63 30 86 41 7 

Wag rotation . . 4 74G 4*831 4 931 4 856 4 43 9 4 305 4 045 

The molecular magnetic rotation of a 65 59 per cent soln of hydrogen bromide 
is 7 669 (16°-19°) , of a 56 per cent, soln , 8 061 (22°) , of a 39 71 per cent soln , 8 415 
(20°-22°) , of a 24 6 per cent soln , 8 547 (18°) , and of a 15 47 (16 5°) soln , 8*519. 
Similarly, with hydrogen iodide, a 67 02 per cent soln has a molecular magnetic 
rotation of 17 769 (20°-22°) , a 65 1 per cent, soln., 17 868 (16°-17°) , a 61 97 per 
cent soln , 18 117 (17°-18°) , a 56 78 per cent soln , 18 308 (21°-22°) ; a 42*7 per 
cent soln , 18 403 (14°-16°) , a 31*17 per cent soln, 18 451 (15°-17°) ; and a 20 77 
per cent soln , 18 428 (19°-22°) The effect of ionization on the magnetic rotation 
of these acids has been studied by F Schwers According to W. H Perkm, the 
magnetic rotation of hydrogen chloride in ethyl alcohol soln is 3 365 ; in isoamyl 
alcohol, 3 286 , and xn water, 2 261 O Schonrock found the magnetic rotation in 
n on-aqueous solvents to decrease with increasing concentration 

The electrical conductivity. — The electrical conductivity of hydrochloric acid 
has been very frequently measured 27 The eq conductivities, A, of iV-soln of 
hydrochloric acid at different temp , by A A Noyes, are indicated in Table XII. 
For more cone soln , of normality at 18°, the molecular conductivity is : 

JS ... 0*5 1 2 3 4 5 7 10 

A . . . 327 301 254 215 181 5 152 2 106 2 64 4 

The degree of ionization a=A/Aao is also indicated m Table IX, on the assumption 
that the mobility of the hydrogen ion is not greater at infinite dilution than at other 
dilutions If the correction is made for the decrease m the mobility with dilution 
the degree of ionization will be reduced between 5 and 6 per cent. The uncertainty 
m the estimation of the degree of ionization not only turns on the change m the 
VOL. II. . O 
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mobilities of the ions by dilution, but there is a possibility of a hydration of the ions, 
and the formation of complexes. The constant K deduced from W. Ostwald’s 


Table XII — Molecular Conductivities and Degree of Ionization of Hydro chloric 
Acid at Different Temperatures. 


Molecular conductivity A , and percentage ionisation 


N 

A at 18° 

a 

K at 100° 

a 

A at 156° 

a 

A at 218° 

a 

A at 206° 

a 

0 

0 0005 

0 002 

0 01 

0 08 

0*1 

379 0 
375 2 
373 6 
368 L 
353 0 
360 6 

99 0 
98 5 
97 1 
93 2 
92 6 

850 

836 

826 

807 

762 

764 

98 2 
97 2 
95*0 
89 7 
88 7 

1085 

1004 

1048 

1016 

946 

929 

98 0 
96 5 
93 0 
87 2 
85 0 

3265 

1241 

1217 

1168 

1044 

1000 

98 2 
90 0 
92 2 
82 5 
79 5 

1424 

1337 

1162 

862 

94 

82 

60 


dilution law showing the change of the degree of ionization with dilution v, namely, 
a 2 1(1 — a)v=K i as with other strong electrolytes, decreases with increasing dilution 
from 3 1 with normal soln to 0 044 foT 0 00052V-soln The deviations also occur 
when the values of a aTe computed from the lowering of the £ p , as well as from the 
electrical conductivity. There is a slow decrease in the degree of ionization with 
rise of temp , and increase of concentration The former is taken to show that the 
ionization must be an exothermal process P D Foote and F L Mohler 
attempted to prove that if the hydrogen chloride molecule consists of a positively 
charged hydrogen atom and a negatively charged chlorine atom bonded together, 
the process of ionization simply involves a direct disruption of this bond , and 
the work of ionization of a mol. of hydrogen chloride is estimated at 14 volts 

The relative nse of conductivity with temperature is smaller at the higher 
than at the lower temp The temp coeff. of the specific conductivity K are 
referred by F. Kohlrausch to a formula of the type K^jK^ for temp, 

between 18° and 26° for soln between 0 012V and 0 01592V S Arrhenius uses for 
O’OOlIV-soln 0 0163 ; O'OliV-soln. 0 0158 a 0 12V-soln. 0 0153 , and for 0*52V-soln 
0 0152 for specific conductivities between 18° and 52°. Several formulae of the 
type Z=a+60-fc0 2 + % # . have been proposed; K=K 16 \ l+a(0— 18)+&(0 — 18) 2 } 
iB due to CL D6giusne, here a=0 0166, and 6=0 0000092 for 0 0001 .ZV-soln ; 
(2=0 01642, 6=0 0000155 for O’OOlJV-soln , and a=0 01641, 6=0 0000173 for 
0 012V-soln. F. Forber, G Tammann and A. Bogo]awlensky, J Fink, and 
I. Fanjung have measured the influence of pressure on the conductivity of hydro- 
chloric acid The conductivity steadily increases proportionally with the press 
up to 300 atm , and slowly decreases at still higher press. The percentage decrease 
in the resistance, or the percentage increase in the conductivity at the indicated 
press, over that at one atm press is 2T1, 5’86, and 9*46 for 100, 300, and 
500 atm. press respectively, for 0 0022V-soln. : and 1-91. 5 72, and 9*33 for 
0-0012V-soln. 

The transport number of chloride ions in 0 , 0022V-soln. of hydrogen chloride 
is 0*171 at 18°; 0166 for 0 052V-soln at 18°, and 0155 for 0*977 N- soln. at 20°. 
The mobility of the ions is 0 154 at 0° , 0 167 at 18° ; and 0 183 at 30° The 
relative velocities of migration of the halogen ions at 18° increases with increasing 
at. wt , bromine (at wt. 80), however, is exceptional m possessing a lower mobility 
than iodine (at wt 127) The migration numbers at 18° are fluorine, 46 6; chlorine, 
65*4 ; bromine, 67 6 , and iodine, 66*4 ; and at 25°, fluorine, 54 6 ; chlorine, 75 7 ; 
bromine, 78*2 , and iodine,^ 76 8 These numbers are expressed in conductivity 
units The absolute velocities ol the ions under tbe influ ence of an electromotive 
force of one volt are obtained by multiplying these numbers by 0 000010354 Thus, 
for chlorine ion, the velocity is Q'000678 cm. per second. 
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The molecular conductivity, A, of hydro bromic acid at 25°, according to 
W. Ostwald, at a dilution of one mol, HBr m v litres of water, is 

» . . 2 4 8 16 32 64 128 612 1024 

A . 364 377 386 391 398 402 406 406 406 

At 18°, the specific conductivities, R , of 5, 10, and 15 per cent soln , are respectively 
0 1908 0 3549, and 0 4940 , and the temp coeff, are 0 0152, 0 0152, and 0 0150. 
Similarly, for hydnodic acid, 

v . . 2 4 8 16 32 64 128 612 1024 

A , 364 376 384 391 397 402 405 406 404 

The maximum between *5=128 and 1024 is due to secondary causes According 
to F. Kohlrausch, the specific conductivity, R, of hydrochloric acid containing 
p per cent of HI, is K= 2 6575 p The temp coefi at 18° is 00157 S Arrhenius 
computes the heat of ionization for y^A r -soln. at 35 g , HCI, —1 080 Cal , and HBr, 
—1 617 Cal W Maitland showed tnat the eleotrio potential of the cell I 2 Aq 1 1 1 
normal eleotrode, is —0 3415 «volt at 25°, G N Lewis and M Randall obtained 
— 0 6183 volt ; and for the free energy of formation of the iodide ion ^I 2 =I / , they 
give — 12 304 Cals at 25°. T Swensbon has measured the e m f developed when 
one side of the cell Pt | HCI, HCI | Pt is illuminated by ultra-violet light, for the 
combination forms a photo-sensitive cell. 

The free energy of formation of the hydrogen halides at ordinary temp may be 
calculated from the emf and vap press measurements. The electromotive force 
of the cell H 2 (1 atm ) | ft -HCI | CL (1 atm ) allows the free energy of a mol of 
HCI to be calculated in a soln with n mols per litre If this result be added to the 
free energy attending the compression of a mol. of HCI from the press at which it is 
m equilibrium with the soln , to a press of one atm , the free energy of formation of 
hydrogen chloride is obtained The emf data have been determined by J H, Ellis, 
and G A Lmhart, at 25° from cells of the type H 2 (1 atm ) | iV-HCl, Hg 2 Cl 2 |Hg, 
over a considerable range of concentration The formers values for the e m.f , 
and the decrease of free energy in the cell reaction, and attending the transfer of a 
mol. of HCI from any concentration to 0*11V-HC1, are indicated m Table XIII. 


Table XIH — E M F and Free Energy Changes of H a | HCl | Normal Electrode Cells. 


Gnn mols HCI 
per 1000 grins, 
water 

1 

U M If of cells 

Tree energy decrease in oeU 
leaction — joules 

18° 

26° 

35° 

IS 0 

25 ° 

36° 

4484 

0*16769 

0 15506 

0 16124 

30416 

29927 

29190 

1-0381 

0 27919 

0 27802 

0 27595 

63884 

63657 

63267 

0-50948 

0 31912 

0 31865 

0 31706 

01590 

61600 

61307 

0-10040 

0 39764 

0-39884 

0 40013 

76745 

76977 

77224 

0-01001 

(0 6271) 

(0 6302) 

(0 5309) 

101740 

102330 

103630 

0 00333 


(0 8040) 

(0 8106) 


165170 

166430 


The terms included in brackets and the succeeding terms are less reliable than the 
others. R C. Tolman and A L Ferguson measured the e m f of the same type of 
cell at 18° , F. Dolezalek measured the e m f. of hydrogen-chlorine cells with cone 
hydrochloric acid at 30° as electrolyte. G. N. Lewis and H Storch have measured 
the free energy of hydrogen bromide in 0 1 tf-soln ; and G. N. Lewis and M. Randall 
that of hydrogen iodide For HBr gas, at 26°, the latter give —12 592 Cals and 
for HI gas, 310 cals > 

The decrease m free energy attending the transfer of a mol of HCI from a 
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sob of any normality n to one at ±N- } is Ee, where E is the e m f of a cell where 
the change takes place, and € is the value of a farad The same free energy change 
is expressed by means of RT log,, (plp 0 1), where p and p 0 x represent the vap. press 
of hydrogen chloride above soln of the respective normalities n and OT n Con- 
sequently, Ee=RT loge (plpo i) is obtained by subtracting the e m.f of a cell 
in which the concentration is 72 -normal from that of a similar cell where the con- 
centration is 0 lY-normal. The free energies of the hydrogen halides m soln at 
various concentrations 0 mols per litre of water, at 25°, computed m cals , by 
S, L Bates and H. D Kirshmann, are 

O . . 0 1 0*6 10 2*0 4 0 6 0 8 0 10 0 11 

MHCl) - —34330 —32600 —31690 —30510 —29100 —27790 —26725 —25775 — 

mTTRv) — -20365 -19300 -18190 -17635 

jEJ(HI) . — — — — — -8035 -6600 -4815 — 

The free energy increase when the press rises from its value over a 0 12V-soln to 
a press of 1 atm is RT log (760/0 00000223) =11 630 cals Hence the free energy 
of formation of gaseous hydrogen chloride at 25° is — 34330( — 11630)= — 22700 cals ; 
the corresponding values for hydrogen bromide is —12592 cals. , and for hydrogen 
iodide +310 cals H S Harned has also investigated the changes of free energy 
in the cell reaction H 2 +2HgCl=2HCl+2Hg, etc , in the presence of potassium, 
sodium, and hthium chlorides 

Catalytic effects. — Within certain limits, the stimulating action exerted by the 
presence of hydrochloric acid upon the speed of inversion of cane sugar 28 is less the 
more dil the acid Thus, W Ostwald found the velocity constant with a soln 
containing a mol of acid per 2 litres of Bob. is 20 52 ; per 10 litres, 3 ‘335 , and per 
100 litres, 0 3128. The action is favoured by the presence of neutral salts, and this 
the more, the lower the mol wt of the salt m the same family group of the periodic 
system. The temp coeff. of the inversion is 17 92 at 100°, and 0 04104 at 25°. 
W Ostwald, R. Hopke, and H Trey have likewise studied the accelerating influence 
of the acid on the hydrolysis of methyl and ethyl acetates Similar studies have 
been made by W Ostwald and A Villiers on the hydrolysis of methyl and ethyl 
acetates, calcium oxalate, and ethyl bromide and iodide. 

The affinities of the acids deduced from their electrical conductivity, and their 
influence on the rates of hydrolysis of methyl acetate and of the inversion of cane 
sugar axe nearly the same, as illustrated in Table XIV. 


Tabus XIV. — Tejic Affinities of Some Acids 



Electncal 

conductivity 

Hydrolysis of " 
methyl acetate 

InveiBion of 
cone sugar 

Hydrochloric acid . 


100*0 

100 0 

100 0 

Hydrobromic acid . 

• . 

101*0 

98*0 

100 0 

Hydnodic acid 

. 

100 0 

96*3 

— 

Nitne acid * 

, 

99 6 

92 0 

73*2 

Sulphuric acid 

. 

65 1 

74 0 

76 4 

Acetic acid . 

* 

042 

0 35 

0*4 


The older of the electrical conductivities runs parallel with the order of the affinities 
of these acids. The dielectric constant of sob, of hydrochloric acid are usually 
greater than that of water , foT example, for 0 OOliV-sob , the dielectric constant is 
0-990 (water unity) , for 0 002 Y-sob., 1 033 , and for 0 01 V-sob , 1 126. The 
dielectric constants are not proportional to the conductivities of the sob. 

Solubility in non-aqueous solvents. — Hydrogen chloride dissolves in many 
other solvents besides water — e g it dissolves m hydrocarbons, alcohols, aldehydes, 
ketones, ethers, esters, formic acid, nitrobenzene, aniline, pyridine, hydrogen 
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cyanide, sulphur dioxide, etc The number of grams of hydrogen chloride dissolved 
by 100 grms of a soln m methyl and ethyl alcohols and m ether : 



- 10 ° 

0 ° 

10° 

20 ° 

30 ° 

Methyl alcohol * 

. 54 6 

61 3 

— 

47 0 

43 0 

Ethyl alcohol . 

, — 

45-4 

42*7 

410 

38*1 

Ethyl ether 

. 37 61 

36*6 

30*36 

24 9 

19 47 


Benzene dissolves about 2 parts of hydrogen chloride per 100 c.c of solvent at 18°. 
W. F. Timojeeff found the mol ht of soln in methyl alcohol to be from 1 105 to 
1 649 cals , ethyl alcohol, 1 173 to 1 713 cals ; propyl alcohol, 1 068 to 1 921 cals. , 
and in isobutyl alcohol, 1 185 to 1 794 cals J Kablukoff showed that the soln in 
methyl alcohol has the largest conductivity, and that the conductivity m benzene, 
nitrobenzene, and analogous solvents is very low The soln, m ether has no acidic 
properties, for it does not act on marble, magnesium, or sodium In many cases 
more or less combination probably occurs — particularly with the alcohols and 
ethers — F Juttner, for example, has shown that the behaviour of the ternary 
system, H 2 0--HC1— (C 2 H5) 2 0, is m accord with this assumption In some cases, 
the depression of the f p , and the electrical conductivity of the soln , leads to the 
view that the hydrogen chloride is associated, as H Zanmnovich-Tessarm found to 
be the case with soln in formic acid, and E Beckmann and G Lockemann with 
soln. m benzene and nitrobenzene , the molecular conductivity of such soln de- 
creases with increasing dilution The presence of moisture in these solvents reduces 
the association and increases the conductivity A 60 per cent soln in ethyl alcohol 
has three times the conductivity of sulphuric acid A satisfactory explanation of 
the various phenomena connected with the ionization of alcoholic and other non-aq 
soln. is still wanting There is a parallelism between the electrical conductivity of 
aq soln of the acids — assumed on the lomc theory to be eq to the degree of lomza- 
tion — and their chemical activity, but this breaks down with soln in non-aq solvents. 
For example, F Zecchmi found that a soln of hydrogen chloride in ether acts more 
quickly than a soln m methyl or ethyl alcohol m spite of the greater electrical 
conductivity of the latter M arble is attacked by an aq soln of hydrogen chloride 
about forty times as fast as by a methyl alcohol soln while potassium carbonate 
is scarcely attacked at all The effects are here complicated by the solubility and 
rate of diffusion of the products of the reaction m the solvent If water is rigorously 
excluded, a soln of the gas m anhydrous alcohol or benzene has scarcely any effect 
on silver nitrate, and H E Patten and L. Kahlenberg found that the chemical 
activity of soln of hydrogen chloride m various solvents bears no relation to the 
electrical conductivity Analogous observations have been made with non-aq 
soln of hydrogen bromide and iodide 

According to T de Saussure (1814), charcoal absorbs about 85 times its own 
volume of hydrogen chloride at 12° and under a press, of 724 mm , and according 
to P A Favre, charcoal absorbs about 165 c c. of hydrogen chloride per gram, and 
10 0 Cals of heat are evolved per mol of gas absorbed The actual amount absorbed 
depends upon the nature of the charcoal 29 G Gore has observed the Pouillet 
effect with hydrochloric acid and silica. 
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§ 11. The Chemical Properties of the Hydrogen Halides and the 
Corresponding Acids 

All the halogens form compounds with hydrogen, and the readiness with which 
union occurs decreases as the at wt increases The properties of the halogen acids 
and their salts show as striking a relationship as those of the elements themselves 
This is illustrated in Table XV. 

Tabie XV. — The Properties op the Haloid Acids. 


Property 

Hydrogen 

fluoride. 

- Hydrogen 
chloride. 

Hyd logon 

bromide 

Hydiogen 

iodide 

Molecular weight . . . j 

! 

20 

36 46 

80*93 

127 93 

Boiling point . . 1 

19 4° 

—83 4° 

—67-1° 

— 36 6°(4atm.) 

Melting point 

— 92*5° 

-111 4 

—88 1° 

50 0° 

Solubility in water . . I 

35-3 

42 

49 

57% 

Specific gravity eat. aq. sol. . 

1 15 

1*21 

1 49 

1 70 

Boiling point aq. sol 

111 0 (43%) 

110° (20%) 

126° (47%) 

127° (57%) 

Dissociates at 

— 

1600° 

800° 

180° 

Heat of formation 

+38*5 gas 

+22 0 g&a 

+ 12 3 gas 

+ 0*4 gas 

Heat of formation of K salt . 

110*6 

106 7 

95*3 

80 1 Cals. 

Heat of neutralization, NaOH 

68 

67 

57 

57 Cals. 

Potassium salt melts 

885° 

790° 

750° 

705° 

Calcium salt melts 

1330° 

780° 

760° 

740° 

Solubility Ag salt 

181 8 

0*016 

; 0*00084 

0*000028% 

Solubility Ca salt . 

0 16 

24*7 

68 8 

67 6% 


Tho exceptional character of fluorine. — Fluorine has a little more mdividuality, 
so to speak, than the other three membeis of the family: (1) There are no compounds 
o fluorine ; (2) Chlorine, bro min e, and iodine or the haloid acids show no 

signs of the remarkable effect of hydrofluoric acid and of fluorine on silicon , (3) The 
soLubilities of the sulphates,, nitrates, and chlorides of banuin, stronti um , calci um , 
and magnesium decrease with increasing at wt. of the metal, while the solubilities 
of the hydroxides increase ; the solubilities of the iodides, bromides, and chlorides 
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of potassium decrease with increasing at. wt of the halide. Similar remarks apply 
to the solubilities of corresponding salts of lead, silver, gold, etc Fluorine, however, 
seems tojiehave quite differently from the regular variation exhibited by the other 
halides The solubilities of mercury and silver fluoride, and the sparing solubilities 
of calcium, strontium, and barium fluorides are m marked contrast with the solu- 
bilities of the corresponding salts of the other halogens , (4) Hydrofluoric acid m 
aq soln appears to be dibasic, whereas the other halide acids are monobasic The 
other acids also do not form compounds corresponding with potassium acid fluoride, 
KHF 2 . (5) Fluorine is probably tervalent in a few compounds, but it is usually 
univalent, and it does not show the same variable valency as the other halogens ; 
(6) The readiness with which fluorine forms complex fluo-metal acids or acid- 
ffuorides is also a characteristic property , (7) The abnormally low electrical con- 
ductivity of hydrogen fluoride is m marked contrast with the high conductivity of 
the other three halide acids 

By passing a senes of electric sparks through hydrogen chlonde gas, W. Henry 1 
found that about one-thirty-fifth of its volume was decomposed into its elementary 
constituents , while H St C Deville found the inductive discharge decomposed 
but a small proportion of the gas as evidenced by a slight decrease in volume, and by 
tbe formation of a little mercurous chloride owing to the action of the chlorine on 
the mercury over which the gas was confined. H Buff and A W von Hofmann 
decomposed the gas almost completely by an electrically heated iron wire — feme 
chloride was formed, and only a trace of hydrogen chlonde remained undecomposed. 
There is very little evidence of the decomposition of hydrogen chlonde at temp, 
below 1500°, but H St. C Deville found that if heated to 1500° in his tube chaud et 
ft ok}, the product formed Bilver and mercurous chlorides when brought m contact 
with silver amalgam Similar remarks apply to the action of heat on a mixture of 
hydrogen chloride and oxygen or air 

According to A J Balard, 2 hydrogen bromide — alone or mixed with oxygen — 
is not decomposed when passed through a red-hot tube or when a lighted taper is 
lowered into the mixture P Hautefeuille 3 found that the decomposition of 
hydrogen iodide can be detected at 180° by the pale violet tinge of the vapour, and 
the amount of decomposition increases as the temp rises , the decomposition is 
the more marked, the higher the press , and it is favoured by the presence of finely 
divided platinum. According to M. Berthelot, a mixture of hydrogen bromide 
with one-fourth its volume of oxygen is transformed completely mto bromine and 
steam when heated 10 hxs between 500° and 550°. P Hautefeuille found no 
decomposition with hydrogen bromide alone at 700° ; but M. Bodenstem obtained 
between 0’3 and 0 9 per cent, by suddenly cooling a mixture of the two gases at 
about 700°. Bluish-violet vapours of iodine are formed when hydrogen iodide is 
sparked, and there is a contraction in volume due to the deposition of iodine on the 
walls of the tube J* L. Gay Lussac also found that a mixture of hydrogen iodide 
and oxygen is completely decomposed when passed through a porcelain tube at a red 
heat , and M Berthelot showed that a mixture of hydrogen iodide with ono-fourth 
its volume of oxygen, burns with a red flame The equilibiium condition of the 
hydrogen halides at different temp — Table I — has already been discussed. 

The decomposition of hydrochloric acid by electrolysis has been considered. 
A. Bartoh and G Papasogli 4 have investigated the electrolysis of hydrobromic acid ; 
and A Riche that of hydnodic acid — some bromic and lodio acid are respectively 
formed during the electrolysis 

If a moist mixture of hydrogen chloride and oxygen be exposed to sunlight, it 
acquires a perceptibly greenish tinge owing to the formation of free chlorine ; and in 
1849, N W Fischer 5 noted that a piece of gold-leaf majarof the mixed gases wag 
attacked by the chlorine. Accordingto A Richardson, the dry gas is stable under 
these conditions A Cohn and A Wassilejewa showed that hydrogen chlonde is 
appreciably decomposed into hydrogen and chlorine by exposure in quartz tubeB 
to ultra-violet light. Hydnodic acid is not appreciably decomposed by the /3- or 
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y-radiations from radium bromide, if oxygen be absent, but m tlie presence of oxygen, 
the rate of decomposition is augmented, and tbe effect is less, the higher the temp. 
As in tbe action of heat on tbe stability of tbe hydrogen compounds of the same 
family of elements, their stabihty towards light decieases as the at. wt increase. 
The ultra-violet light from a mercury quartz lamp is needed to decompose hydrogen 
chloride, while under Bnxul aT circumstances hydrogen bromide is rapidly and com- 
pletely decomposed ; ordinary blue and violet light decomposes hydrogen iodide 
A similar relationship is found m the sulphur family— hydrogen oxide, sulphide, 
selemde, and telluride. 

According to L l’Hote, hydrochloric acid m white, black, yellow, or red glass 
bottles is decomposed in light, and the free chlorine can be detected by the smell 
E Murmann found the dil. acid is stable under these conditions According 
to M Berthelot, the presence of a trace of manganese or iron chloride facili- 
tates the oxidation of the hydrochloric acid A Richardson 6 also found that a 
mixture of hydrogen chlonde and oxygen is perfectly stable in light even in the 
presence of aq. vapour provided liquid water be absent H B Dixon found 
that sulphur dioxide is not oxidized by oxygen m the presence of water vapour at 
100°, although in the presence of hqmd water, oxidation readily occurs M. Berthelot 
could detect no sign of the decomposition of hydrogen bromide after exposing the 
gas m a glass tube for 50 days If the gas be mixed with oxygen, A Richardson 
found that no action occurs if the gases be dned, hut a reaction does occur if the 
gases he moist 

Similar remarks apply to a dry mixture of hydrogen iodide and oxygen , gaseous 
hydrogen iodide is not altered m darkness, and m sunlight, the decomposition is 
slow ; according to G Lemorne, only 0 24 per cent is decomposed after 10 days* 
exposure, and 0 80 after 32 days’. The decomposition occurs m blue and violet 
light but not in red and green light Dil or cone aq soln , said G temome, do not 
decompose m light or darkness if air be excluded The amount of iodine liberated 
from a soln of hydnodic acid or of acidified potassium iodide, by oxygen and light, 
gradually reaches a maximum and then falls to zero H J M Creighton found that 
the phenomenon cannot be explained by the evaporation of the lodme , 500 c c of 
an acidified soln of potassium iodide absorbed about 25 litres of oxygen m 10 weeks, 
and neither iodine nor lodate could be detected in the soln , nor did strong reducing 
agents liberate any oxygen. He says “ tbe fiature of the product is still a mystery.” 
C. Winther found that thin rapidly moving layers of a soln of hydrogen iodide, 
when sub]ected at a constant press to the ]omt action of oxygen and light, are 
oxidized very slowly at the beginning, but later, the reaction attains a constant 
velocity The phenomenon is attributed to the auto -sensitizing action of the 
liberated iodine 

R Bottger found that the presence of copper prevented hydnodic acid beoommg 
brown m bght, and decolorized the acid already brown The cuprous iodide which 
is formed ib insoluble m the acid M Bodensiem found the decomposition of 
hydrogen iodide to be unimolecular m light, and independent of the press. ; and 
bimolecular at 300°-500° W. N. Hartley found that hydrogen iodide, bromide, 
or iodide retards the fluorescence of quinine sulphate, and J Pmnow noted that, in 
general, substances which are decomposed by light diminish the fluorescence of 
quinine Bulphate, fluoresceme, etc., and the presence of fluorescent substances 
facilitates the decomposition of substances decomposed by bght 

The affinity of the halogen hydrides for hydrogen peroxide vanes as the affinity 
of the halogen for oxygen. If hydrogen peroxide is added to hydrogen iodide a 
vigorous reaction is attended by the separation of iodine ; if the iodide be added to 
the peroxide, a more vigorous reaction occurs, the iodine is volatilized and a colourless 
liquid remains. With the other halogen acids, the reaction is more vigorous when 
the peroxide is added to the acid The haloid salts behave similarly, and accordingly 
it is inferred that hydrogen peroxide first kberates the free acid and then decomposes 
It, Qxidizing agents like mtno, nitrous, bromic, and pexsulphunc acids, molybdiq 
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acid, feme eMonde, etc , react with hydnodic acid, oxidizing the hydrogen and 
liberating iodine The amount of iron can be determined by titration with standard 
sodium thiosulphate soln , and the result sometimes enables a determination of the 
corresponding oxidiz ing agents to be made, thus the amount of feme chloride m a 
given soln is related stochiometrically with the liberated iodine by the equation : 
2EeCl 3 +2KI=2FeCl 2 +2KCl+l2. According to J Plotmkoff and N. P. Strachoff, 
if in the photochemical reaction the potassium iodide and hydrochloric acid be in 
excess, the reaction is of the first order The iodine liberated m the reaction might 
be expected to play the part of a light filter and retard the reaction, because a layer 
of io din e soln interposed between the light source and the reacting system acts m 
this manner No such retardation occurs when the concentration of the iodine in 
the system has between 2 7 and 27 millmormality, although a soln of this concen- 
tration stops the reaction if used as an external light filter. When the concentration 
of the iodine Teaches 54 milhnormality, there is a fall m the velocity of the system. 
The failure of iodine soln to conform to Beer’s law is explained by changes in the 
iodine complexes with dilution , and the failure of the liberated iodine to act as a 
retarding agent on the leaction is attributed to the formation of an iodine complex 
which acts as an auto catalyst, which is but slightly sensitive to light. 

J TPlotmkoff has studied the oxidation of hydnodic acid — obtained by a soln 
of potassium iodide and hydrochloric acid — in water charged with oxygen If the 
potassium iodide and hydrochloric acid are in large excess, the consumption of 
oxygen gas in darkness is slow, and m accord with a ummolecular reaction ; and if the 
potassium iodide and hydrochloric acid are present in limited quantity, the reaction 
is proportional to the concentration of the oxygen, to the two-thirds power of the 
concentration of the potassium iodide, and the four-thirds power of the concentration 
of the hydrochloric acid. The reaction in darkness is accelerated by a cupric salt 
or a mixture of a ferric and cupric salt , manganous and lead salts exert no appreci- 
able catalytic action , the catalytic effect of nitrous acid is very marked even if the 
soln contains hut the eq of 0 00000006 i^-HN0 2 The reaction is accelerated by 
exposure to the light from a mercury lamp, and that proportionally with the intensity 
of the light although the reacting system does not absorb these rays to any appreciable 
extent Additions of uranyl sulphite, eosine, starch, and cupric sulphite retard 
the velocity of the reaction m light , in darkness, the last-named catalyst accelerates 
the reaction J. Pinnow found the rate of oxidation of mixtures of sulphuric acid 
and potassium iodide increases proportionally with the concentration of the sulphuric 
acid m light, but not in darkness provided the concentration of the iodine does not 
exceed a gram per litre The accelerating influence of light is most marked m dil. 
soln The reaction is twice as fast in darkness and in light when the sulphuric amd is 
replaced by hydrochloric acid Hydrogen peroxide does not decompose hydrochloric 
acid, hut bromine is separated from hydrobromic acid at 100°, and G Cavazzi pro- 
posed to separate bromides from chlorides by this reaction — the free bro min e can 
be removed from the soln by aspiration. L. J. Thenard showed that hydrogen 
iodide is oxidized by hydrogen peroxide with the separation of iodine, H 2 0 2 -f 2HI 
= 2 H 2 0 +l 2 The reaction is accelerated by hydxoohlonc and other acids, and the 
catalytic effect is assumed by G, Magnamoi 7 to be proportional to the affinity 
constant of the acid The reaction is also accelerated by ferrous sulphate, copper 
sulphate, tungstates, and molybdates. 

Chlorine gas reacts with hydrogen bromide or iodide to form hydrogen chloride 
and the separation of the corresponding halogen, 2HX+XCl 2 =2HCl-f The free 
halogen then combines with the excess of chlorine, forming bromine or iodine chloride 
A little free chlorine turns hydriodio acid brown, and the colour is removed by an 
excess of chlorine Bromine similarly displaces iodine from hydnodic acid The 
halogen is also liberated by the action of hypochlorites or bleaching powder on 
bromides or iodides Hypochlorous acid and hydrochloric acid give ohlorme and 
water* HOC1+HC1— H 2 O+GI 2 , chloric acid forms chlorine mono- and di-oxides 
wd free chlorine m yarying proportions. Two volumes of hydrogen chloride and one 



204 


INORGANIC AND THEORETICAL CHEMISTRY 

volume of chlorine monoxide form one volume of steam and two volumes of chlorine : 
C1 o0+2HC1=H 2 0+2C1 2 Potassium chlorate with an excess of hydioohloric acid 
reacts KC10s+6HCL==KCl+3Cl 2 -f3H 2 0 , potassium bromate ; 2 KBr0 3 +12HCl 
=2KCI+Br 2 +5C1 2 +6H 2 0 ; and iodic acid: HI03+5HC1~IC1 3 +C1 2 +3H 2 0, but 
there is no reaction with dil soln. 8 Molten potassium chlorate inflames hydrogen 
iodide, a red flame appears and free iodine is formed A J Balard found that 
an aq soln of iodic or periodic acid with hydnodic acid forms iodine and 
water The reaction between bromic and hydriodic acids has been much in- 
vestigated 9 6HI+HBT0 8 =HBr+3H 2 0+3l2 The hydiobromic acid formed 
in the reaction exerts a reducing action on the bromic acid : 5HBr+HBr0 3 =3H 2 0 
-f-3Br 2j hut about 58 times more slowly. The liberated iodine acts catalytically on 
the reactions retarding the speed of the reaction 0 Burchard also measuied the 
velocity of the reaction of hydnodic acid on chloric and iodic acids The reaction : 
5HI+HI0 3 ==3H 2 0+3I 2 , was also investigated by R. Luther and G V Sammet 
According to J B A Dumas,* 0 aq soln of sulphur dioxide are not decomposed 
by hydrochlonc acid, but the dry gases, when confined over meicury, form water, 
chlorine, and sulphur : 4HC1+S02==2H 2 0+S+2C1 2 E Pochard found hydnodic 
acid absorbs sulphur dioxide forming an orange-yellow soln from which free iodine 
is absent , and compounds of sulphur dioxide with the iodides of the alkali and 
alkaline earth metals have been reported Selenium and tellurium dioxides, accord- 
ing to A Ditte, absorb dry hydrogen chloride forming addition products — c.g 
Se0 2 HC1 , Se0 2 2HC1 ; Te0 2 HCl, and 2Te0 2 3HCl J B A. Dumas also noted 
that sulphur dioxide and hydrogen iodide form sulphur, iodine, and water . S0 2 
+4HI=2H 2 0 +S-f 2L , when the two gases meet, there is a deep red flash, and the 
sides of the containing vessel are immediately covered with crystals of iodine. 
E. Soubenan says there is no action if the gases be quite dry. The two gases in 
aq. Boln. react forming a yellow precipitate, and this the more the more cone the 
Boln Sulphur and selenium, according to P. Hautefeuille, decompose hydrogen 
iodide at ordinary temp , and cone hydriodic acid when heated , and M. Berthelot 
says that dry hydrogen iodide and sulphur react m the cold, more rapidly at 100°, 
and still more rapidly at 500°, 2HI+S==H 2 S+Sl2. A. E. Menke also supposed 
sulphur iodide was formed when sulphurous and hydrochloric acids react together. 
The real product appears to he a solid soln of iodine and sulphur. According to 
G Aimi, sulphur tnoxide absorbs hydrogen chloride, forming a liquid — chloro- 
sulphomc acid. Gaseous hydrogen iodide in sulphur dichlorlde, S 2 Cl 2s forms iodine, 
sulphur, and hydrogen sulphide A J Besson finds that hydrobromic acid reacts 
with-py r 0 sulphuryl chloride, S 2 0 B C1 2 , forming sulphur di- and tri-oxides, hydrogen 
chloride, bromine, and chlorosulphomc acid, HO C1S0 2 , and finally sulphuric acid , 
with hydnodic acid, some sulphur and hydrogen sulphide are formed 

According to A. J. Balard, 11 cone sulphuric acid is reduced by hydrobromic 
aoid, forming sulphur dioxide, water, and bromine The reaction is symbolized 
2HBr -f H 2 S0 4 =2H 2 0 d-S0 2 +Br 2 , there is a partial removal of the gaseous sub- 
stances from the system. In dil soln. the products all remain in soln. and a state 
of equilibrium is attained * 2HBi -j-H^SO^v^SO 2 2H 2 0 J L Gay Lussac 
observed a similar reaction with hydnodic and sulphuric acids . H 2 80 4 +2HI 
-=S0 £ +2H 2 0 +I2 > aD -d E Soubeiran noted that if the soln. he diluted, sulphur 
dioxide and iodine react to form sulphuric and hydnodic acids E. T. Addyman 
found that with potassium bromide, KBr, and sulphuric acid, H 2 S0 4 , 

Ratio of acid to saJt , .22 32 42 6.2 6:2 

HBr decomposed . . . 8 31 16 63 19 88 20 91 31 30 per cent. 

so that the amount of decomposition is nearly proportional to the amount of sulphunc 
acid employed Simil ar ly with hydrobromic acid, as illustrated m Table XVT, 
which shows that there is very little decomposition with 30 per oent hydrobromic 
acid, but m a stronger acid the amount of decomposition becomes more marked. In 
the table 5 c.o. of hydrobromic acid contained 0 81 gnn HBr. 
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According to P T. Austen, 12 there is no reaction when hydrogen chloride i 
with the vapour of nitnc acid, HNO s , although there is a feeble reaction between t5e~ 
vapour of nitric acid and hydrogen bromide, and when the vapour of nitric acid is 
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&8 per cent sulphuric acid 

Per cent of HBr decomposed. 

Volume u^d 

Per cent H 2 S0 4 in eolation 

03 

_ 

. 

0 7 

20 79 

— 

1*0 

27 27 

trace 

1*2 

3103 

0 04 

20 

42 86 

0 00 

3 0 

82 94 

0 16 

40 

60*00 

0 64 

60 

69 23 

0 53 

80 

75*00 

0*64 


led into hydrogen iodide, a fine red flame appears, and iodine separates A mixture 
of hydrochloric and nitric acids forms aqua regia which readily decomposes with the 
evolution of chlorine, and the formation of nitrogen peroxide, N0 2 , nitrosyl chloride, 
NO Cl, or mtroxyl chloride, N0 2 C1, according to circumstances According to 
A J. Balard, a mixture of nitric and hydrochloric acids reacts with hydrobromio 
acid, slowly forming nitrogen peroxide, water, and bromine Aqua regia, and the 
corresponding mixture with hydrobromic in place of hydrochloric acid, both dissolve 
gold The slow reaction between hydnodic and rntno acids has been symbolized 
by A Eckstadt : HN0 8 +2HI=HN0 2 -|-H 2 0-f-l2 The velocity of the reaction 
is slackened by decreasing the concentration of the reacting substances When 
about two-thirds of the hydnodic acid has been decomposed, the velocity is aug- 
mented and the reaction quickly runs to an end This is attributed to the formation 
of tri-iodide by the umon of the iodine with the hydnodic acid, when one-third 
of the latter acid has been so converted The free iodine itself then forms hydn- 
odic acid, and the oxidizer restarts the reaction. Ferrous salts act catalytically. 
Scratches on the flask also accelerate the reaction. Carbamide slows down the 
xeaction, piesumably by destroying nitrous acid formed as an intermediate stage 
m the reaction. 

According to P T. Austen, nitrous oxide, N 2 0, forms a white cloud, which gradually 
reddens and deposits crystals of iodine , the liquid which collects at the bottom of 
the flask contains some ammonia . N s O+10HI=2NB4l+H 2 0-|-4l2. According to 
E J Chapman, hydnodic acid slowly absorbs nitric oxide, NO, forming a mm onia, 
etc J. L Gay Lussao observed the formation of iodine, water, and nitnc oxide 
with a mixture of hydrogen iodide and nitrogen peroxide, or nitrous acid According 
to L W Winkler, a mixture of potassium iodide and nitrite, when treated drop by 
drop with sulphuric acid of concentration 50 per cent , furnishes highly pure nitnc 
oxide 2NH02+2HI=2N0 +T 2 4-2H 2 0 Nitrous acid forms nitnc oxide and chlonne 
together with some hydrochloric acid The nitrates are attacked and converted 
into chlorides by hydrogen chloride. According to R E Hughes, if dry hydrogen 
chloride be passed over dry silver nitrate at ordinary temp , or at 100°, only about 
one per cent of the theoretical change occurs ; and the dry gas produces but a slight 
turbidity m a soln of silver nitrate m hot dry benzene or ether. The hydrogen 
halides unite with ammonia, forming the corresponding a mm onium halide . c*q 
NH3+HC1=NH 4 C1, but there is no reaction, say R E Hughes and H. B Baker, 13 
if the hydrogen chloride and ammonia be thoroughly dned According to J Ogier, 14 
hydrogen chloride unites with phosphine, PH S , forming phosphonium chloride, 
PH4CI, at — 35° under atm press ; and at 14° under a press, of 20 atm When 
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cono hydrochloric acid is heated with amorphous phosphorus for some hours at 
about 200°, A Oppenheim found that some phosphine, PH 3j is formed. A Damoiseau 
found that while hydrobromic acid does not act on phosphorus m the cold, in sealed 
tubes, at 100°-120°, considerable quantities of phospbomum bromide are formed, 
but not phosphorus bromide, since phosphorus tnbromide is slowly decomposed by 
a cone soln of hydrobromic acid A. Richardson found that moist red phosphorus 
and hydrogen, bromide react m sunlight If a current of hydrogen iodide be led over 
yellow phosphorus at ordinary temp , phosphonium iodide, PH 4 I, and some phos- 
phorus di-iodide, PI 2 , are formed : 5P +8HI=2PE4l+3PI 2 . With red phosphorus 
there is no reaction, even at 100°. Hydnodic acid acts in a similar maimer, but 
less rapidly, provided the hydriodic acid is m excess , if the phosphorus hem excess, 
the reaction is modified by the water since water decomposes phosphorus di- iodide ; 
the final products are phosphonium iodide and phosphorous acid 2P+HI+3H 2 0 
=PH 4 I+H 3 P0 3 Phosphorus pentoxide, P 2 0 5 , say G H Bailey and G T Fowler, 
absorbs about 227 c c of hydrogen chloride gas per gram. The rate of absorption 
commences very slowly, rises to a maximum in about 120 hours, and then gradually 
diminishes, finally ceasing altogether m over 600 hours It is believed that there is a 
slow reaction, resulting m the formation of phospboryl chloride, POCI3, and rneta- 
phosphonc acid * 2P 2 O 6 +3H01=POCl 3 +3HPO 3 , H. Moissan observed that the re- 
action between hydrogen fluoride and phosphorus pentoxide is due to the formation 
of phosphoryl fluonde, POF s Phosphorus pentoxide also absorbs hydrogen bro- 
mide, but not hydrogen iodide , in the former case, phosphoryl bromide, POBr 8 , is 
slowly formed, even more slowly than m the case of phosphoryl chloride. 

Hydrogen chloride acts on but few of the metalloids at ordinary temp , or even 
when heated. It inflames in contact with fluorine; it forms chlorine when heated 
with oxygen ; and it forms a mixture of silicon tetrachloride, SiCl 4 , and sihco- 
chloroform, SiH 01 3 , when heated to redness with amorphous silicon. Most of the 
metals, when heated with hydrogen chloride, form chlorides with the evolution of 
hydrogen According to M. Rihalkm, the reaction with silver 15 commences at 
about 117° and progresses with an increasing velocity up to 200° The reaction is 
reversible in that silver chlonde is reduced by hydrogen 2AgCl+H 2 ^2Ag-f- 2HC1. 
Magnesium, sodium, or potassium burn momentarily 111 hydrogen iodide and the 
flame then expires A. Potihtzm found 96 5 per cent of hydrogen iodide reacted 
with silver in 6 days M Rihalkm also noted that with copper for equilibrium, 
93 per cent of hydrogen chlonde is decomposed at 230°, and 66 per cent at 44.0° ; 
with cuprous chlonde and hydrogen * 20uCl-|-H 2 =2Chi-f-2HCl, there is no reaction 
at 200° , at 230°, 5 per cent of hydrogen chloride is formed and 35 per cent at 440°. 
According to A. Richardson, dry hydrogen iodide is completely decomposed by 
contact with dry copper The action of hydrogen chlonde on warm aluminium 
(160°), copper, ot silver was found to be accompanied by an emission of electrons 
as evidenced by electrical conductivity. Mercury is not attacked by hydrogen 
chlonde, hut G H Bailey and G J. Fowler found a white Bkin of mercurous 
oxychloride, Hg 2 OCl 2 , is formed on the surface of mercury confining a mixture 
of hydrogen chloride and oxygen — m darkness or in light. Similar remarks 
apply to mixtures of oxygen with hydrogen bromide or iodide Hydrogen 
bromide or iodide alone, dry, and free from oxygen, are almost completely 
decomposed in light or in darkness when m contact with mercury M Berthelot 
found that a quantity of hydrogen bromide which decomposed m 50 hrs at 100°, 
when in contact with mercury, required a year to decompose it at ordinary temp. 
Hydrochloric acid dissolves the metals of the alkalies and alkaline earths, zinc, 
magnesium, cadmium, aluminium, manganese, nickel, cobalt, iron, and chromium 
with the formation of the chlorides and the evolution of hydrogen , and it dissolves 
the metals of the fifth and sixth groups. Lead is slowly, and tm and copper very 
slowly, attacked in a similar manner Silver, mercury r arsenic, antimony, bismuth, 
gold, and plat in u m are not dissolved Hydrobromic and hydnodic acids also 
dissolve many of the metals, forming bromides ox iodides respectively with the 
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liberation of hydrogen According to A Ditte and R Metzner, 16 antimony dissolves 
in hydrochloric acid m the presence of oxygen. Platinum blaok or platinum sponge 
is slowly attacked by hydrochloric acid in the presence of an — say occluded oxygen — 
forming hydro chloToplatmic acid, H 2 PtCl 6 ; platinum foil, gold, and tellurium are 
likewise attacked under similar conditions if heated some hours at 170°, According 
to C Matignon, these reactions occur at a much lower temp than that at which 
hydrogen chloride is appreciably affected by oxygen. M Bertbelot found that 
fuming hydrochloric acid attacks gold and platinum in light, and particularly 
if some manganese chloride is present Selemferous hydrochloric acid, says 
J E. Gerock, dissolves copper much more rapidly than if selenium be absent The 
rate of soln of magnesium in hydrochloric, hydrobromie, and hydnodic acids is 
discussed by N Kajander , and the rate of soln of plumbiferous zmo by W, Spring 
and E van Aubel ; and of chromium by T. Dormg. According to W. Hittorf, 
passive chromium is activated by hydrochloric, hydrobromie, or hydnodic acid. 

Hydrochloric acid decomposes the insoluble oxalates, carbonates, hypophosphites, 
phosphates, hydrides, and sulphites. Ferrous, manganese, and zinc sulphides are 
readily dissolved by hydrochloric acid ; silver, cad mium , copper, lead, tm, cobalt, 
nickel, antimony, and bismuth sulphides are dissolved by the cono acid , arsenic 
tn- and penta-sulphides are dissolved only by the hot cone acid , red mercuric 
sulphide is insoluble, while the black sulphide is slowly dissolved by the hot cone acid. 
Most of the metal oxides and hydroxides are converted into chloride^ by treat- 
ment with hydrochlonc acid — eg lead, tin, arsenic, antimony, bismuth, copper, 
silver, gold, molybdenum, chromium, aluminium, cobalt, nickel, iron, manganese, 
cadmium, zinc, and the oxides of the alkalies and alkaline earths Similar remarks 
apply to hydrobromie and hydnodic acids. The ignited oxides react more slowly 
than when freshly precipitated or dned at 100°, and the calcined oxades of chromium, 
iron, al uminiu m, etc , require a very prolonged boiling with the hydrochlonc acid to 
effect Boln W Spring 17 has studied the rate of dissolution of marble or Iceland 
spar in the haloid acids E. F Smith and F L Meyer found that the hydrogen 
halides expel all the nitrogen from nitrates ; phosphates are but slightly affected ; 
arsenic is partially volatilized from arsemates by hydrogen fluonde, and com- 
pletely removed by the other halides ; hydrogen chloride expels all the antimony 
fromantimoniates ; and hydrogen fluoride or bromide volatilizes part of the vanadium 
from vanadates, and hydrogen chloride drives off all that metal The metal 
dioxides — eg . manganese dioxide, lead dioxide, chromic anhydride, etc. — with 
hydrochlonc acid form the corresponding chloride, and chlorine Hydrogen chlonde 
acts on dry manganese dioxide whether moisture is excluded or not There is a 
vigorous reaction between chromic anhydnde, CrO s , and hydrogen chlonde, much 
heat is developed, and chromyl chlonde, Cr0 2 Cl 2 , is formed , a similar reaction 
occurs with 35 to 40 per cent hydrochloric acid, but the yield of chromyl chloride 
is reduced the more dil. the acid, until, with 20 per cent hydrochloric acid, chlorine 
alone is formed A 8 The permanganates, persulphates, chromates, ld etc,, furnish 
chlorine, etc. Caro’s acid liberates chlorine from hydrochloric acid, but with 
hydrofluonc acid, neither fluorine nor ozone is produced — the latter, if formed, would 
have been taken as evidence of the transient appearance of fluorine. Feme salts 
axe reduced^ to ferrous salts by hydnodic acid Some of the carbides, borides, 
and metal silicides are readily attacked by hydrochlonc, hydrobromie, or hydnodic 
acid The reaction between hydnodic acid and the chromates has been studied 
by W, Ostwald ; 20 between hydnodic acid and the persulphates by T S Price 21 

Hydrochlonc acid is one of the strongest of acids, but if moisture be excluded. 
G. Wilson noticed, in 1859, that hydrogen chlonde gas does not even redden blue 
litmus R E Hughes and F. R L, Wilson 22 found no appreciable increase in 
weight on treating dry Iceland spar at 130° for an hour with dry hydrogen chloride ; 
with the moist gas, there was approximately 3 per cent increase in weight. This 
confirms an observation made by W. Higgins m 1814 : € * Dry munatic acid has no 
action on dry calcareous earth, while these substances readily unite if moisture be 
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present/’ The action of hydrogen chloride in non-aqneons solvents has been 
already discussed 

Liquid hydrogen chloride also exhibits but few acid properties, as has been 
demonstrated mainly by G Gore For example, he found that the liquid possesses 
but a feeble solvent action, is somewhat inert, and, with the exception of al umini um, 
exerts but little action on the metals The liquid does not dissolve the alkali 
chlorides, a mm onium chloride, nickel chloride, etc , iodine dissolves to form a 
purple liquid The carbonates of the alkalies and alkaline earths, and ammonium 
are so slowly converted into chlorides that the evolution of carbon dioxide is not 
noticed. The alkali metals are immediately encrusted with a protective film of 
insoluble chloride ; arsenic, antimony, cadmium, silver, and platinum are not 
attacked , lead, magnesium, and tm are very slowly attacked ' iron, copper, and 
thallium are superficially attacked Similarly, liquid hydrogen iodide attacks the 
metals of the alkalies, silver, mercury, copper, tin, iron, and alu miniu m , while lead, 
cadmium, zme, magnesium, thallium, bismuth, antimony, and arsenic are superficially 
attacked , while boron and silicon are not attacked The metal oxides are attacked 
very slowly by liquid hydrogen chlonde, if at all , arsenic, antimony, and zinc 
oxide are dissolved — the last slowly ; alumina and silica are not changed , titanic 
oxide is slightly soluble in the liquid The sulphides are attacked so slowly by 
liquid hydrogen chlonde that no evolution of gas is noticed — sodium and lead 
sulphides iorm the chlorides , antimony sulphide dissolves , realgar does not dis- 
solve , iron sulphide is not changed , calcium phosphate is not dissolved ; potassium 
dichromate is not changed , and lead chromate forms a white mass Sodium and 
calcium carbonates are not attacked by liquid hydrogen iodide , copper oxide and 
manganese dioxide are converted into iodides ; sulphur forms hydro gen sulphide 
and iodine ; carbon disulphide is inert and immiscible , sulphur dioxide forms 
water, hydrogen sulphide, and plastic sulphur , ammonia forms ammonium iodide ; 
and water mixes with the liquid iodide m all proportions Fats are attacked , ether 
and many organic compounds form additive products 23 

The composition ol the hydrogen halides, — The composition of hydrogen chlonde 
was determined by J L. Gay Lussac and L J Th6nard 24 by synthesis from a 
mixture of equal volumes of hydrogen and chlorine m diffuse light , and by analysis 
by heating a piece of potassium in one volume of hydrogen chloride gas — potassium 
chlonde was formed, and half a volume of hydrogen remained A J Balard 
employed the last-named process for the analysis of hydrogen bromide , and J L Gay 
Lussac, for hydrogen iodide J L Gay Lussac also shook up a sealed tube of 
hydrogen iodide and some mercury whereby mercury iodide and hydrogen were 
formed One end of the sealed tube was opened under mercury and the residual 
hydrogen was found to be equal to half the original volume of hydrogen iodide 
The lecture table processes of demonstrating the composition of hydrogen chlonde 
are as follows : 

1 Analysis of hydrogen chloride by sodium amalgam — A stoppered glass tubo — about 
70 cm long and X 5 cm m diameter — is filled with dry hydrogen chlonde over mercury 
Sodium amalgam is then diopped into the tube, and the tube immediately closed with its 
stopper. The tube is inverted several times in succession, and then oponed while its mouth 
is dipping under mercury Mercury rushes into the tube, and the residual gas is brought 
under atm. press, by raising or lowering the tube until the mercury mside and outside is at 
the same level. The volume of the residue! gas is noted The residual gas can then be 
tested in the usual manner It is hydrogen The hydrogen chlonde reacts with the 
sodium of the mercury amalgam, forming sodium clilonde and liberating hydrogen The 
object of using sodium amalgam m place of metallic sodium is one of convenience This 
expenment demonstrates that hydrogen chloride contains half its own volume of hydrogen. 
Hence, from Avogadro’s hypothesis, one molecule of hydrogen chloride contains half a 
molecule, that is, one atom of hydrogen. The formula is therefore HCXr, where o> represents 
the number of atoms of chi o nne m the molecule The vapour density of hydrogen chlonde 
is nearly 30 5 (H a p=2). Hence the mol wt is 36 6, and the weight of hydrogen m the 
molecule is 1 The molecule of hydrogen chlonde thus contains 36 6 — 1=35 5 parts of 
chlonne for every part of hydrogen 

2. The electrolysis of hydrochloric acid. — Wh.en cone hydrochloric acid is electrolyzed, a 
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mixture of equal volumes of hydrogen and chlorine is obtained Carbon electrodes ore 
used because the chlorine slowly attacks platinum Chlorine gas is also soluble in cono 
hydroohlono ac^d, so that the acid should bo sat with chlorine before the attempt is made 
to measure the gaseous products of electrolysis The vessel containing the acid is arranged 
so that the acid about one electrode is connected, with the acid about the other electrode by 
a glass tube junction, aB and an eleotnc current is passed until the liquid in the chlorine 
limb is pat with chlonne The two gas receivers are put mto communication with the 
electrolytic vessel by suitably turning the three-way stopcocks. The gas receivers have, 
of course, been previously filled with liquid — a sat soln of sodium chloride — by placing a 
dish of the liquid below each receiver and applying suction at the proper exit tube when 
the three-way cocks are suitably turned The gases collect in the tubes at equal rates. 
The experiment shows that duiing the electrolysis of concentrated hydrochloric acid, the 
volume of hydrogen liberated at the one electrode is equal to the volume of chlorine liberated 
at the other electrode. Assuming that the hydrogen chloride dissolved m tho water is 
alone decomposed by the electric current, it follows that hydrogen chloride contains equal 
volumes of hydrogen and of chlorine, and therefore also an equal number of atoms , or 
the formula is H^Cl*, where x is evaluated as before from the vapour density 30*6 This 
demonstration of the composition of hydrogen chloride, though interesting as circumstantial 
evidence, is not a proof unless supported by accessory evidence A similar demonstration 
applied to the analogous hydrofluoric acid would “prove” that hydrogen fluoride is a 
compound of hydrogen and oxygen 

3. The synthesis of hydtoqcn cldorxde . — Tho mixed gases obtained by tho electrolysis 
of cone hydrochloric acid are passed through a stout glass explosion tube with a stopcock 
at each end The tower is packed with lime and glass wool to absorb the chlorine Instead 
of the tower, the exit tube may lead to the fume closet When all the air is displaced, the 
stopcocks are closed One of the stopcocks may be opened while the corresponding end of 
the tube is dipping under cone sulphuric acid ; no gas enters or leaves the apparatus. 
The tube and contents are exposed to sunlight or to the light from burning magnesium 
The face must be protected in ease the tube should burst during the explosion. When the 
tube is cold, open one of the stopcocks whole the corresponding end is dipping under cone, 
sulphuric acid , no gas enters or leaves the tube. This shows that no change in volume 
has taken place as a result of the explosion. It can be proved that the tube contains 
nothing but hydrogen chloride by opening the tip of the tube under water. The hydrogen 
chloride will be absorbed and water will nse and fill the tube except for a little air (or 
perhaps a slight excess of hydrogen) which might have been present This experiment 
shows that one volume of hydrogen unites with one volume of chlorine to form two volumes 
of hydrogen chloride. 


Hydrogen chloride contains the eq of half its volume of chlorine and half its 
volume of hydrogen, or, by Avogadio’s hypothesis, assuming the hydrogen and 
chlonne each contain two atoms, one molecule of hydrogen chloride contains half 
a molecule of chlorine, that is, one molecule of hydrogen chloride contains an atom 
of chlonne and an atom of hydrogen The formula is therefore HC1 This agrees 
with the vapour density determination of hydrogen chlonde which furnishes 36'49 
(H 2 =2). If the at wt of chlorine be 35 46, and of hydrogen 1 008 (0=16), it 
follows that the formula for hydrogen chlonde is HC1. 

The detection and determination of the chlorides, bromides, and iodides. — A 
soln of silver nitrate produces a very sparingly soluble precipitate of silver chloride, 
bromide, or iodide when added to a neutral or acid soln of the corresponding acid 
or salt. Silver chloride and bromide are white, silver iodide is pale yellow The 
precipitates are all virtually insoluble m dil. rntnc acid, and in a soln. of potassium 
cyanide or sodium thiosulphate Silver chloride is easily soluble m aq. amm onia, 
silver bromide is less soluble, and the iodide is but sparingly soluble Ammonium 
carbonate (sesqui- or bicarbonate) dissolves silver chlonde fairly easily, but not 
the bTomido or iodide Silver nitrate does not precipitate all tho chlonne from 
soln of mercuric chloride unless a large excess of the nitrate is used Stannous 
chlonde also reduces some of the silver to the meta l lic state ; the precipitate with 
platmic chloride is yellow owing to the jtfesence of some platinum Green chromic 
chlonde also gives no precipitate with silver nitrate. Mercurous nitrate gives a 
white precipitate of mercurous chlonde, a pale yellow precipitate of mercurous 
bromide, and a yellowish-green precipitate of mercurous iodide respectively with 
neutral ox acid soln of chlorides, bromides, or iodides. Soln of lead acetate or lead 
nitrate give crystalline precipitates in cold cono. soln of the hahdes— the chlonde 
von u. 
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present/* The action of hydrogen chloride in non-aqneous solvents has been 
already discussed 

Liquid hydrogen chloride also exhibits hut few acid properties, as has been 
demonstrated mainly by G Gore. For example, he found that the liquid possesses 
but a feeble solvent action, ib somewhat inert, and, with the exception of aluminum, 
exerts but little action on the metals The liquid does not dissolve the alkali 
chlorides, ammonium chloride, nickel chloride, etc , iodine dissolves to form a 
purple liquid The carbonates of the alkalies and alkaline earths, and ammonium 
are so slowly converted mto chlorides that the evolution of carbon dioxide is not 
noticed The alkali metals are immediately encrusted with a protective film of 
insoluble chloride , arsenic, antimony, cadmium, silver, and platinum are not 
attacked; lead, magnesium, and tin are very slowly attacked; iron, copper, and 
thallium are superficially attacked Similarly, liquid hydrogen iodide attacks the 
metals of the alkalies, silver, mercury, copper, tin, iron, and aluminium , while lead, 
cadmium, zinc, magnesium, thallium, bismuth, antimony, and arsenic axe superficially 
attacked ; while boron and silicon are not attacked The metal oxides are attacked 
very slowly by liquid hydrogen chloride, if at all , arsemc, antimony, and zino 
oxide are dissolved — the last slowly ; alumina and silica are not changed , titamc 
oxide is slightly soluble m the liquid The sulphides are attacked so slowly by 
liquid hydrogen chlonde that no evolution of gas is noticed — sodium and lead 
sulphides form the chlorides , antimony sulphide dissolves , realgar does not dis- 
solve , iron sulphide is not changed , calcium phosphate is not dissolved , potassium 
dichromate is not changed , and lead chromate forms a white mass. Sodium and 
calcium carbonates are not attacked by liquid hydrogen iodide , copper oxide and 
manganese dioxide are converted mto iodides , sulphur forms hydrogen sulphide 
and iodine , carbon disulphide is inert and immiscible , sulphur dioxide forms 
water, hydrogen sulphide, and plastic sulphur , ammonia forms ammonium iodide ; 
and water mixes with the liquid iodide in all proportions Fats are attacked , cthor 
and many organic compounds form additive products 23 

The composition of the hydrogen halides. — The composition of hydrogen chlonde 
was determined by J L. Gay Lussac and L J. Thenard 24 by synthesis from a 
mixture of equal volumes of hydrogen and chlorine m diffuse light ; and by analysis 
by heating a piece of potassium in one volume of hydrogen chloride gas — potassium 
chlonde was formed, and half a volume of hydrogen remained A. J Balard 
employed the last-named process for the analysis of hydrogen bromide , and J L. Gay 
Lussac, for hydrogen iodide J L Gay Lussac also shook up a sealed tube of 
hydrogen iodide and some mercury whereby mercury iodide and hydrogen were 
formed. One end of the sealed tube was opened under mercury and the residual 
hydrogen was found to he equal to half the original volume of hydrogen iodide. 
The lecture table processes of demonstrating the composition of hydrogen chloride 
are as follows : 

1- Analysis of hydrogen chlonde by sodium amalgam — A stoppered glass tube — about 
70 cm. long and 1 6 cm in diameter — is filled with diy hydiogon chloride over mercury 
Sodium amalgam is then diopped mto the tube, and the tube immediately closed with its 
stopper. The tube is inverted several times in succession, and then opened while its mouth 
is dipping under mercury, Mercury rushes mto the tube, and the residual gas is brought 
under atm press by raising or lowering the tube until the mercury inside and outside is at 
the same level. The volume of the residual gas is noted The residual gas can then be 
tested in the usual maimer It is hydrogen The hydrogen chlonde reacts with the 
sodium of the mercury amalgam, forming sodium chlonde and liberating hydrogen The 
object of u sing sodium amalgam, m place of met alli c sodium is one of convenience. This 
experiment demonstrates that hydrogen chloride contains half its own volume of hydrogen. 
Hence, from Avogadro’s hypothesis, one molecule of hydrogen chlo r ide contains half a 
molecule, that is, one atom of hydrogen. The formula is therefore HCLr, where x represents 
the number of atoms of chloime m the molecule. The vapour density of hydrogen chloride 
is nearly 36*5 (H 2 =2) Hence the mol. wt is 36 6, and the weight of hydrogen m the 
molecule is 1 The molecule of hydrogen chloride thus contains 36 5 — 1 =35*5 parts of 
chlorine for every part of hydrogen 

2. The electrolyses of hydrochloric acid. — When cone, hydrochloric acid is electrolyzed, a 
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mixture of equal volumes of hydrogen and chlorine is obtained Carbon, electrodes are 
used because the chlorine slowly attacks platinum Chlorine gas is also soluble m oono 
hydrochloric acid, so that the acid should be sat with chlorine before the attempt is made 
to measure the gaseous products of electrolysis The vessel containing the acid is arranged 
so that the acid about one electrode is connected with the acid about the other electrode by 
a glass tube junction, 86 and an electric current if passed until the liquid m the chlorine 
limb is pat with chlorine The two gas receivers are put mto communication with the 
electrolytic vessel by suitably turning the three-way stopcocks. The gas receivers have, 
of course, been previously filled with liquid — a sat. soln. o± Bodium chloride — by placing a 
dish of the hquid below each receiver and applying suction at the proper exit tub© when 
the three-way cocks are suitably turned The gases collect m the tubes at equal rates. 
The experiment shows that during the electrolysis of concentrated hydrochloric acid, the 
volume of hydrogen liberated at the one electrode is equal to the volume of chlorine liberated 
at the other electrode. Assuming that the hydrogen chloride dissolved m the water is 
alone decomposed by the electric current, it follows that hydrogen chlonde contams equal 
volumes of hydrogen and of chlorine, and therefore also an equal number of atoms ; or 
tho formula is H^Cla-, where x is evaluated as before from the vapour density 36 5. This 
demonstration of the composition of hydrogen chlonde, though interesting as circumstantial 
evidence, is not a proof unless supported by accessory evidence A similar demonstration 
applied to the analogous hydrofluoric acid would “prove” that hydrogen fluoride is a 
compound of hydrogen and oxygen. 

3 The synthesis of hydiogrn chlonde . — The mixed gases obtained by the electrolysis 
of cone hydrochloric acid are passed through a stout glass explosion tube with a stopcock 
at each end The tower is packed with limo and glass wool to absorb the chlorine. Instead 
of the tower, the exit tube may lead to the fume closet. When all the air is displaced, the 
stopcocks are closed One of the stopcocks may be opened while the corresponding end of 
the tube is dipping under cone, sulphuric acid ; no gas enters or leaves the apparatus. 
The tube and contents are exposed to s unli ght, or to the light from burning magnesium 
The face must be protected m case the tube should burst during the explosion. "When the 
tube is cold, open one of the stopcocks while the corresponding end is dipping under cono 
sulphuric acid , no gas enters or leaves the tube This shows that no change m volume 
has taken place as a result of the explosion. It can be proved that the tube cont ains 
nothmg but hydrogen chlonde by opening the tip of the tube under water. The hydrogen 
chlonde will be absorbed and water will nse and flH the tube except for a little air (or 
perhaps a slight excess of hydrogen) which might have been present. This experiment 
shows that one volume of hydrogen unites with one volume of chlorine to form two volumes 
of hydrogen chloride. 


Hydrogen chlonde contains the eq. of half its volume of chlorine and half its 
volume of hydrogen, or, by Avogadro’s hypothesis, assuming the hydrogen and 
chlorine each contain two atoms, one molecule of hydrogen chlonde contams half 
a molecule of chlorine, that is, one molecule of hydrogen chlonde contains an atom 
of chlonne and an atom of hydrogen The formula is therefore HC1. This agrees 
with the vapour density determination of hydrogen chloride which fuimBh.es 36 49 
(H 2 =2). If the at wt of chlonne he 35‘46, and of hydrogen 1 008 (0=16), it 
follows that the formula for hydrogen c hl oride is HCI. 

The detection and determination of the chlorides, bromides, and iodides. — A 
soln. of silver nitrate produces a very sparingly soluble precipitate of silver chlonde, 
bromide, or iodide when added to a neutral or acid soln of the corresponding aoid 
ox salt Silver chlonde and bromide are white, silver iodide is pale yellow The 
precipitates arc all virtually insoluble m dil. nitric acid, and in a soln of potassium 
cyamde or sodium thiosulphate Silver chlonde is easily soluble in aq ammonia, 
silver bromide is less soluble, and the iodide is but spanngly soluble. A mm onium 
carbonate (sesqui- or bicarbonate) dissolves silver chlonde fairly easily, but not 
the bromide or iodide Silver nitrate does not precipitate all the chlonne from 
soln. of mercuric chloride unless a large excess of the nitrate is used Stannous 
chloride also reduces some of the silver to the metallic state ; the precipitate with 
platmic chloride is yellow owing to the presence of some platinum. Green chromic 
chloride also gives no precipitate with silver nitrate. Mercurous nitrate gives a 
white precipitate of merourous chlonde, a pale yellow precipitate of mercurous 
bromide, and a yellowish-green precipitate of mercurous iodide respectively with 
neutral or acid soln of chlondes, bromides, ox iodides. Soln of lead acetate or lead 
nitrate give crystalline precipitates in cold cono. soln. of the halides — -the chloride 
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and bromide are white and the iodide is yellow. The precipitates are fairly soluble 
m hot water. Thallous sulphate, T1 2 S0 4 , gives a white precipitate m cone soln 
of the chlorides, or bromides, and a deep yellow precipitate with iodides Palladium 
chloride* PdCl 2} has no action on soln. of chlorides or bromides, but palladium 
nitrate, Pd(N0 8 ) 2 , gives a brown precipitate, PdBr 2 , with bromides, but not with 
chlorides , both palladium salts give a very dark brown precipitate, Pdl 2 , with 
iodides Mercuric chloride m excess gives no precipitate with chlorides or bromides, 
but with iodides a scarlet precipitate, HgL>, is obtained. This precipitate is soluble 
if the potassium iodide be m excess Iodides alone are decomposed by ferric sulphate 
with the liberation of the free halogen A mixture of copper sulphate and sulphurous 
acid added in excess to a cone soln of a chlonde, bromide, or iodj.de, gives a pre- 
cipitate of the corresponding cuprous chloride, CuCl, or bromide, CuBr, or iodide, 
Cul. Stannous chloride can be used instead of sulphurous acid A soln of ouprous 
chloride in an excess of ammonium chloride gives a white precipitate of cuprous 
iodide, Cul. DiL sulphuric acid (1 : 10) has no action on chlorides cold or hot it 
has no action on cold soln of the bromides or iodides, but gives off hydrogen bromide 
or iodide respectively when heated Cone sulphuric acid partially decomposes 
solid chlorides in the cold and completely when heated Hydrogen chloride is 
evolved Silver and mercurous chlorides are decomposed with difficulty, the latter 
gives off some sulphur dioxide as well as hydrogen chloride: 2HgCl+3H 2 S0 4 
“2HgS0 4 +2H 2 0+S02+2HCl Bromides under similar conditions give both 
bromine and hydrogen bromide, and with iodides, iodine is formed and some 
sulphuric acid is reduced to sulphurous acid: 2 NaI+ 2 H 2 S 04 ==N'a 2 S 04 +Ho 0 
+H 2 S0 s +I 2 ; and with an excess of hydriodic acid the sulphuric acid is reduced to 
hydrogen sulphide : H 2 SO 44 - 8 HI— 4 H 2 0 -i-H 2 S-f 4I 2 If the chloride, bromide, 
or iodide is mixed with sulphuric acid and manganese dioxide* there is an evolution 
of chlorine, bromine, or iodine respectively. Free hydrochloric acid can be detected 
m a soln of a chlonde by distilling the soln with manganese dioxide alone, and 
collecting the distillate m a soln of starch and potassium iodide A blue coloration 
indicates that hydrochlonc acid was present Alkali chlorides or bromides are not 
decomposed if melted with potassium dichiomate , but the iodides liberate iodine. 
If & dry decomposable chloride is heated with a mixture of concentrated sulphuric 
acid and potassium dichromate* reddish-brown vapours of chromyl chloride, 
Cr0 2 Cl 2 j are evolved which condense to a brown liquid This chloride is decomposed 
by water forming chromic and hydrochlonc acids Cr 0 2 Cl 2 + 2 H 2 0 =HoCx 04 + 2 HCl. 
If treated with sodium or potassium hydroxide, a mixture of the alkali chloride, etc , 
is formed. If such a soln be acidified and shaken with ether and hydrogen peroxide, 
the upper ethereal layer will be coloured blue, and this coloration indicates chromium 5 , 
which m turn shows that a chloride was originally present With bromides, bromine, 
and with iodides, iodine , but no chromium collects in the distillate Chlorides, 
bromides, or iodides when heated with a mixture of dll sulphuric acid and potassium 
dichiomate give respectively free chlonne, bromine, or iodine. Chlorine water 
with bromides liberates bromine, which can he recognized by the yellow or brown 
coloration, particularly if shaken with a little chloroform or carbon disulphide m 
which the bromine dissolves Iodides behave similarly, but impart a rose or 
violet colour to the chloroform or carbon disulphide ; bromine water liberates iodine 
from iodides alone Alkali nitrates and dil. sulphuric acid have no action on chlorides 
or bromides, but with iodides, iodine is liberated, and this can be recognized hy the 
blue coloration it imparts to a soln of starch In I. Gfuarescjii’s test for bromine 
(1912), 20 H Schiff’s reagent for the detection of aldehydes is made by just decolorizing 
a soln of magenta S (or rosamhne acetate, p-rosamline hydrochloride, Hofmann’s 
violet, etc.) hy means of sulphur dioxide (or sodium bisulphite) A trace of bromine 
gives an intense violet-blue coloration, iodine gives virtually no coloration, and 
chlorine a brownish-yellow or red tint. The coloration shows with 0 00001 grin, 
of potassium bromide inOlco of soln after treatment with 2 c.c. of 26 per cent* 
chromic acid The liquid is shaken with ether and the colour collects between the 



THE COMPOUNDS OE THE HALOGENS WITH HYDROGEN 211 


ethereal and aq. layers In testing for bromine vapour, the reagent is best absorbed 
on blotting paper free from starch, and this suspended over the liquid m which the 
bromine is liberated by chlorine water, chromic acid, etc The reaction is hindered 
by nitrites which must be removed ; thiocyanates give no reaction or a faint rose 
coloration The colour given with aldehyde and the magenta reagent is reddish- 
violet, and is not removed from the soln. by ether ; the colour is produced only in 
soln , and not by the vapour of aldehyde. 

Most insoluble chlorides are decomposed by boiling with a cone soln of sodium 
carbonate . 2HgCl+Na2C0 8 =2NaCl-f-C02+Hg20, and the soln of alkali ohlonde 
is freed by filtration from the heavy metal Silver chloride is not decomposed by 
this treatment, but even it is decomposed by fused sodium carbonate Silver 
chlonde may also be decomposed by treatment with cadmium or zinc in an acid 
soln Many chlorides of the non-metals are decomposed by water with the forma- 
tion of hydrochloric acid . P Cl 6 -f-4H 2 0 = H3PO4+ 5HC1 ; carbon tetrachloride must 
be heated with water in a sealed tube . CCI4+2H2O— C0 2 +4HC1. Many organic 
chlorides are decomposed (1) By heatmg m a sealed glass tube with silver nitrate 
and cone nitric acid — L. Garins’ process (u) By heating an intimate mixture 
of the chloride with granular lime and subsequently extracting the mass with dil. 
nitnc acid (m) By heatmg the substance with a small piece of clean sodium, 
or magnesium wire The cold mass is extracted with water. 

Chlorides, bromides, and iodides can be quantitatively determined by treatment 
with silver nitrate, and, with suitable precautions, the precipitated halide is washed, 
dried, and weighed Chlorides in neutral soln can be deter min ed by F Mohr's 
volumetric process 27 by titration with a standard soln. of silver nitrate with a little 
potassium chromate or sodium phosphate as indicator When all the chloride has 
reacted with the silver nitrate, any further addition of this salt gives a yellow 
coloration with the phosphate, and a red coloration with the chromate. In 
J . Volhard’s volumetric process , the chloride is treated with an excess of an acidified 
soln of silver nitrate of known concentration. The excess of silver nitrate is 
filtered from the precipitated chloride, and titrated with a standard soln, of ammo- 
nium thiocyanate, NH4CNS — a little ferric alum is used as indicator When the 
silver nitrate is all converted into thiocyanate : AgNO s +lSrB^ONS=AgQNS 
+NH4NO3, the blood-red coloration of ferric thiocyanate appears 

A. du Pasquier 28 in 1840 and M. J. Bordos and A. G61is in 1842 inchoated the 
principle of the process for the volumetrio determination of iodine by means of 
sodium thiosulphate : 2Na 2 S 2 0 8 -l-l2=2NaI+Na 2 S 4 0 c , but the results were not 
satisfactory. R. Bunsen used a standard soln. of sulphurous acid : H2SO3+I2 
+H 2 p=H 2 S04+2HI, and indicated the precautions needed for accurate results. 
The introduction of sodium thiosulphate in place of sulphurous acid by C. L. H. 
Schwarz in 1853 proved of noteworthy benefit in analytical processes. A little 
starch paste is used as indicator, and when the blue colour of the iodine is discharged, 
the titration is finished. The process is used not so much for the direct determination 
of iodine in iodine compounds, but rather in the indirect determination of suoh 
substances as will liberate iodine when in contact with potassium iodide either by 
direct displacement — e g chlorinated compounds, chlorine, etc —or by reduction 
m the presence of hydroohlorio acid — e g. lead peroxide, ohromic acid, manganese 
peroxide, arsenic acid, feme chloride, etc. Bromides can be oxidized and the free 
bromine passed into a soln of potassium iodide or into a soln of arsenious acid of 
known concentration Alkaline arsemtes are transformed by ohlorine, bromine, 
or iodine into arsenates * K 8 A£0 8 -]-H20-j-Cl2=KH2Aj504^2KCl, the free halogen 
can be titrated with a standard soln. of sodium thiosulphate, or the excesaT of 
arsenious acid titrated with a standard soln. of potassium permanganate . SKMnO* 
+5H 8 As03+4H2S04=3HQ0+2KHS04+2MnS04+5H-*As04. Urn separation of 
chlorides, bromides, and iodides is effected by removing the iodine with some 
reagent which does not interfere with the other two halides, and separating the 
chlorides and bromides by oxidizing reactions which break down the bromides but 
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not the chlorides. For example, F. W. Kuster 29 distilled a mixture of the three 
halides with a sola of acetic acid and sodium acetate which expelled the iodine , 
then with a soln of acetic and sulphuric acids to expel the bromine , and finally 
with cone sulphuric acid to expel the chlorine The methods usually employed 
depend on the fractional oxidation of the mixture Iodides are oxidized most 
readily, and chlorides least readily. L F Kebler used cono. nitric acid, but the 
result" is more under control with dil. acid There is a tendency to the formation 
of iodic acid. J. von Liebig recommended oxidation with iodic acid, or potassium 
iodate and sulphuric acid ; S Benedict and J F Snell used a mixture of potassium 
lodate and acetic acid with better results. Several other oxidizing agents have 
been reco mmen ded — lead, manganese, or barium dioxide , alkali chromates, 
permanganates, nitrites, hypochlorites, arsenates, or persulphates , ferric salts ; etc 
The processes require a careful adjustment of the acidity of the soln. and on the 
interruption of the reaction at the right time, otherwise the chloride might be 
attacked S Bugarszky’s method (1895) 80 is based on the action of potassium 
di-iodate in dil. sulphuric acid soln. as symbolized by the equation : KH(I0 3 ) 2 
+10KBr+llH 2 S0 4 =llKIIS04+5BT2+l2+6H20 The iodine and bromine can 
be distilled off in a current of steam, and the remaining chloride with the excess of 
iodic acid. The soln. with the chloride is diluted, acidified with nitnc acid, and 
the chlonde titrated by Volhard’s process , the bromine is absorbed m a reducing 
soln — containing say phosphorous acid — and boiled until all the iodine is expelled 
and the bromine deter min ed in the residue by Volhard’s titration process G Derugks 
liberated the iodine by treatment with sulphuric acid and ferric sulphate ; the 
bromine by potassium diohromate , and the chlorine was liberated from the residue 
left after the removal of these two halogens If a soln of iodides, bromides, and 
chlorides be boiled with ferric sulphate, the iodine which distils off can be collected 
m a soln of potassium iodide and titrated with sodium thiosulphate The soln. is 
cooled to 60° and a slight excess of potassium permanganate is added. The bromine 
is all liberated, and it may be collected in ammonia. Chlorides alone remain in the 
residue. 

Silver chloride is converted into silver bromide by digestion with a soln of 
potassium bromide. Silver iodide is scarcely affected by this treatment. SilveT 
chlonde and bromide are converted into silver iodide by digestion with potassium 
iodide. Hence, F Field devised an ingenious process for the determination of 
chlorides, bromides, and iodides when all these are together. The soln. is divided 
into three equal parts The halogens in each are precipitated with silver nitrate. 
The precipitate in one is washed, dried, and weighed Let w be the weight of the 
precipitate containing x of Bilver chlonde, y of silver bromide, and z of silver iodide. 
The precipitate m another portion is washed, digested with potassium bromide, 
washed, dried and weighed. Let w 2 be the weight of the precipitate containing 
187 8a?/143 34 of silver bromide derived from silver chloride, with y of the original 
bromide and z of the onginal iodide The third precipitate is treated with potassium 
iodide in a similar manner. The weight io s of Bilver iodide contains 234‘8z/143*34 
of silver iodide derived from the chlonde ; 234%/187 8 derived from the bromide, 
and z of the original iodide. Consequently, w x =^x-\-y-\-z ; w 2 =l 310o;+y+2 ; 

Uses of the halide acids. — The hydrochloric acad formed as a by-product in rue 
manufacture of sodium sulphate from sodium chlonde is sufficient to meet com- 
mercial requirements, and accordingly the acid is cheap. The largest amount of 
hydrochloric acid or hydrogen chlonde is used in the manufacture of chlorine and 
chlorine products — hypochlorites, bleaching powder, and chlorates. It is also used 
in the manufacture of many of the metal chlorides — zinc, tin, etc This acid is also 
used for general purposes in laboratories, in analytical and metallurgical work, in 
the manufacture of colours. Smaller quantities are used medic ina lly Hydro- 
bromic acid or the bromides and hydriodio acid or the iodides are used medicinally, 
in photography, and m analytical chemistry. Hydnodio acid is an important 
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reducing agent. 81 Hydrochloric acid is stored for transport in large glass balloons 
or carboys or in stoneware vessels. It cannot be stored in iron or lead vessels 
because these metals are attacked by the acid. 
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§ 12. The Chlorides, Bromides, and Iodides 

Many chlorides can be obtained by double decomposition — e g. by treating silver, 
lead, or mercurous nitrate with hydrochloric acid or a soln of a soluble chloride, the 
metal chloride is precipitated : AgN0 3 +HCl=AgCl+BQSf0 8 ; and by treating 
mercuric chloride with antimony sulphide, gives insoluble mercuric sulphide, and 
soluble antimony chloride: Sb 2 S 3 4-3HgCl2=2SbCl 3 +3HgS H. Rosei trans- 
formed a number of compounds into chlorides by heating them with five to eight 
times their weight of ammonium chloride— e.g. alkali sulphates and nitrates— -m 
some cases the conversion is but partial and incomplete — e.g. banum sulphate, 
alkali phosphates, bromides, and iodides Bromides are usually converted into 
chlorides, and iodides into bromides or chlorides by treatment with the corresponding 
acid or halogen. The reaction, however, is often reversible. 2 A Potiktzin found 
5 48 per cent, of bromine was removed from sodium bromide by W+.in g that salt 
with chlorine m a sealed tube at 20° for 36 hrs , anhydrous barium bromide was not 
attacked by chlorine below 100°. Potassium bromide cannot be completely con- 
verted into chloride by the action of dry chlorine unless at a very Wh temp., but 
m the presence of moisture the conversion is completed at moderate temp. Gaseous 
hydrogen ohloride decomposes bromides at a red-heat. P. Julius showed that in 
the case of silver, iodme vapour converts the bromide or chloride mto silver iodide 
The general processes of preparation may be classed as follows ; 
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The action of the halogen on the metal — Many metals unite directly with the 
halogens ; for example, potassium ; powdered arsenic, antimony, or bismuth ; tin- 
foil , reduced copper or nickel unite directly with chlorine at ordinary temp , in 
many cases the reaction being attended by mcandescence Sodium, tungsten, man- 
ganese, zinc, mercury, indium, thallium, tellurium, iron, cobalt, lead, silver, gold, 
and platinum do so when heated If the gas and metal be thoroughly dried, there 
is little or no reaction with many of the metals Potassium, arsenic, antimony, 
and tin unite with bromine at ordinary temp with incandescence , bismuth, iron, 
and mercury do so without incandescence and in the cold , gold slowly unites with 
bromine in the cold, platinum not at all Similarly, when iodine is brought in 
contact with some metals they unite directly in the cold, others require to be heated 
The direct union of the halogen with the metal is employed for preparing some 
anhydrous chlorides and bromides — e g I A KablukofE’s process for aluminium 
bromide , F Ducelhez and A Raymand’s process 3 fox manganous bromide or iodide , 
M Guichard’s process for ferrous, nickel, and uranium iodides. 

The action of the halogen on the metal oxides , hydroxides , or carbonates . — Many 
compounds of the metals can also be used in place of the metals themselves. Thus , 
chlorine attacks silver oxide at ordinary temp , and it reacts with incandescence on 
the heated oxides of the alkaline earths Chlorides are also formed by the action of 
chlonne on heated magnesia , alumina reacts with some difficulty, and silica with 
still greater difficulty, for at a white heat only traces of the silicon chloride are formed 
The oxides of zinc, cadmium, copper, nickel, and lead react readily , feme oxide and 
cobalt oxide, C03O4, react with difficulty Molybdenum tnoxide, M0O3 , t ung sten 
tnoxide, W0 3 ; chromic oxide, Cr 2 0 3 , form oxychlorides ; while manganese 
carbonate, antimony pentoxide, arsenic tnoxide, and stannous oxide produce a 
mixture of the chlonde and an oxide or acid at low temp and almost wholly chloride 
at a high temp Bromine vapour likewise, when passed over the red-hot alkali 
hydroxides or the oxides of the alkaline earths, forms the corresponding bromide 
Silver oxide reacts with bromine in the cold Bromine expels carbon dioxide from 
the carbonates, but does not decompose heated sulphates of potassium, magnesium, 
or zinc. Iodine vapour acts in a similar way, for if passed over the oxides of certain 
metals — e.g , potassium, sodium, lead, bismuth, etc — the metal iodide is formed 
and oxygen is evolved When barium sulphide is treated with iodine, the resulting 
barium iodide is decomposed by potassium sulphite and converted into soluble 
potassium iodide and insoluble barium sulphate. Similarly with bromine and 
barium sulphide 4 

J L. Gay Lussac andL. J. Th6nard 5 showed in 1811 that if many of the metallic 
oxides be intim ately mix ed with carbon the reaotion with chlorine proceeds more 
readily than with the oxide alone , the metal chloride and carbon monoxide or 
dioxide are the products of the reaction. M. le Quesneville and F. Wohler used 
this process for aluminium chlonde, chromic chloride, silicon tetrachloride, eto , 
and 0. Baskemlle for thorium tetrachloride 

The action of the hydrogen halide or acid on the metal, oxide , carbonate r etc — 
Most metal oxides are decomposed by the hydrogen halide or acid, either at ordinary 
temp, or at a red heat, with the formation of the metal halide and water. The 
oxides, carbonates, sulphides, etc , are also decomposed with the formation of the 
metal halide Soln. of the chlorides, for example, are formed by the action of aq 
hydrochlonc acid on certain metals, metal oxides, or carbonates , with some metals, 
aqua regia is used in place of hydrochlonc acid — e g. gold, and the platinum metals! 
Some sulphates 6 are decomposed by hydrogen chloride — e g the sulphates of 
cobalt, nickel, copper, sodium, etc. In the older processes of F Klein (1863) 7 the 
liquid obtained by the action of bromine on phosphorus and water was neutralized 
by the addition of lime or magnesia J von Liebig used baryta— barium phosphate 
was precipitated, and the banum bromide was treated with potassium sulphate. 
The soln of potassium bromide was filtered or decanted from the precipitated ban um 
sulphate E. D. Faust mixed sulphur with twelve times its weight of bromine 
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and milk of lime containing seven of lime. The reaction is symbolized : S+3l3r 2 
+4Ca0=3CaBr 2 +CaS0 4 . According to C. Matignon, the metals of the platinum 
family are transformed into chlorides by the joint action of cone hydrochloric acid 
and air, for example, platinum black in contact with hydrochloric acid slowly forms 
hy dr ochlor oplatimc acid, at ordinary temp when air is passed through, 

the liquid, platinum foil also dissolves slowly at 170° under similar conditions, gold 
foil acts m a simil ar manner, but the amorphous gold powder which has no metallic 
lustre is not attacked. Palladium foil dissolves slowly in hydiochlonc acid m a 
globe filled with oxygen ; mthemum sponge is slowly attacked at ordinary temp , 
more rapidly at 125° , indium free from iron is not attacked at ordinary temp , 
hut is appreciably attacked at 150° ; granular rhodium does not react m the cold, 
it is slowly attacked at 150°, rapidly at 200° , and osmium dissolves slowly at 150°. 
A rod of tellurium partially immersed in hydrochloric acid forms small pale yellow 
drops of tellurium chloride, TeCl 4 , near the Wf ace of the acid in the neighbourhood 
of the rod The action of hydrochloric acid and oxygen on sublimed tellurium is 
slow at ordinary temp , rapid at 100°. 

The action of a mixture of sulphur monochlonde and chlorme on the oxides . — The 
action of a mixture of sulphur monochloride. SgClo, and chlorine on oxides or ox/- 
salts furnishes anhydrous chlondes— if the ehlondc is readily volatile the chlorine 
is kept m excess, if it volatilizes with difficulty, the sulphur chloride is kept in 
excess In this way C Matignon and F. Bourion 8 prepared silicon tetrachloride 
from silicon dioxide at a dark-red heat , thorium tetrachloride from thona ; the 
double chloride, 2A1C1 3 SC1 4 , from alumina TungstiG oxide gives the oxychloride, 
W0 3 C1 2 , at a high temp and W0C1 4 at a lower temp Ferric or chromic oxide at 
a red heat parses rapidly and completely into the chloride , mcke] or cobalt oxide 
at 400° acts similarly The oxides of zinc, manganese, and tm are also readily 
converted into chlorides if the fusion of the mass be avoided. Calcium or barium 
sulphate, or barium carbonate, also readily form chlond es The easily reduoed oxides 
are attacked by hydrogen bromide, while other metal oxides are obtained by the joint 
action of the vapour of sulphur ohloride and hydrogen bromide upon the oxide The 
sulphur chloride should be vaporized between 60° and 90° to get the bromides free 
from chlorides , thona at 135° gives thonum tetrabromide, ThBr 4 , and at 125° thorium 
oxybxomide, ThOBr 2 ; chromium sesquioxide gives chromium bromide, CrBr s , in 
black crystalline scales ; nickel oxide, salmon-yellow crystals of nickel bromide, NiBr 3 , 
cobalt oxide, green crystals of cobalt bromide, CoBr 2 , cena, cerium bromide, CeBr s , 
and other rare earths give similar bromides, All these bromides change the colour 
of litmus to a wine-red colour and have no action on methyl orange. 

The actum of carbon tetrachlonde or a mixture of chlorine with a hydrocarbon or 
carbon monoxide on the oxide . — H N. Warren 8 obtained aluminium chloride by 
heating the oxide to redness with a mixture of petroleum vapour and hydrogen 
chloride or chlorme, naphthalene chloride or carbon tetrachlonde was also used The 
bromide was prepared m a similar maimer. E Demargay used the vapour of carbon 
tetrachloride, the chlorides of chromium titanium, niobium, tantalum, zirconium, 
cobalt, nickel, tungsten, and molybdenum, H Quantm, a mixture of carbon 
monoxide and chlorme , and W. Heap and E Newhery, carbonyl chloride 

The reduction of the oxy-salts — The chlorates, bromates, iodates, and the oxy- 
salts generally lose their oxygen, and are converted into the corresponding chlorides, 
bromides or iodides by heat or by certain reducing agents A, Muntz 10 found the 
aneerobio bacteria of sods effected the reduction 

When an element forms two or more chlorides, the highest ehlonde can often be 
formed by heating a lower chloride m an excess of chlorine —e g SnClg +C1 2 ”SnC3 4 
If the higher chloride be heated, the lower ohlonde may be formed — c g TICI3 
^TlCl+Clg. The lower chloride may form a higher ehlonde when heated — 
e>g 3BiC1 2 =2BiC1 3 +Bi Some of the lower chlorides may he formed hy the action 
of hydrogen on the higher ehlonde at a red heat — e.g, titanium, chromium, molyb- 
denum, tungsten, etc The higher chloride may often be transformed to the lower 
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chloride by a reducing agent — e g . hydrogen sulphide, zmc, and hydrochloric acid, 
sulphur dioxide or a sulphite, stannous chloride, titanous chloride, etc , reduce feme 
chloride FeCl 3 , to ferrous chloride, FeCl 2 In some cases the chloride is reduced 
to metal — e g gold chloride with ferrous sulphate : AUCI 3 +3F eSO*= Au+F eCl 3 
+Fe 2 (S 04)3 

Properties ol the halides. — The chlorides are usually colourless, some of the 
bromides are coloured, and still more iodides Silver chloride and bromide are white, 
and the iodide is pale yellow , mercuric chloride is white, the iodide is bright scarlet 
or lemon yellow ; mercurous ohlonde is white, the iodide is green ; lead chloride is 
white, the iodide deep yellow, anhydrous cobalt bromide is greqp., the hydrated 
salt, CoBr 2 6H 2 0, forms red prismatic crystals The chlorides are usually soluble 
in water, but silver, mercurous, cuprous, lead, thallous, gold, and platmous chlorides 
are very sparingly soluble , similar remarks apply to bismuth, antimony, and 
mercuric oxychlorides With the exception of silver chloride all these salts are 
soluble in aqua regia, and excepting silver, aurous, and platmous chlorides, all are 
soluble in cone hydrochloric acid. The chlorides of potassium, sodium, and barium 
are very sparingly soluble in cono, hydrochlono acid With the exception of 
mercuric, stannic, and stannous chlorides, all chlorides are very sparingly soluble 
in ether , the deliquescent chlorides of lithium, calcium, and strontium are soluble 
m absolute alcohol and in amyl alcohol The bromides are often less soluble 
than the iodides, and the iodides less soluble than the bromides The chlorides 
are usually more volatile than the corresponding metals, and Borne are volatile 
liquids — e g AsCl s , SbCl 3 , SnCl 4 — others aie readily fusible solids which volatilize 
at higher temp g MgCl 2 , Zn01 2 , A1C1 3 , etc The bromides are usually less fusible 
and less volatile than the corresponding chlorides ; and the bromides in turn are 
more fusible and more volatile than the corresponding iodides Anhydrous litlram 
and cuprous bromides evolve bromine when heated to their m p , sodium, caesium, 
and thallium bromides do not Ammonium and mercurous bromides sublime without 
giving free bromine Many of the bromides give off a little bromine when heated 
with iodine The halides of the noble metals decompose into the metal and free 
halogen when heated , cupric ohlonde is reduced to cuprous chloride , the halides 
of silver and mercury are not decomposed by fusion m an atm. of oxygen ; the 
alkali chlondes and iodides are partially decomposed, and other chlondes or iodides 
may be completely decomposed by this treatment The chlorides and iodides may 
be wholly or partially decomposed by heating them m a stream of hydrogen — 
e g silver ohlonde is reduced to the metal ; ferric ohlonde is reduced to ferrous 
chloride , cadmium chloride is but slowly reduced at a red heat Many of even the 
more stable chlondes decompose when heated for a few hours m a current of water 
vapour — oxides ot basic chlorides are formed. The chlondes of the alkalies and 
alkali earths are partially decomposed by this treatment Aluminium, stannic, 
silioon, and other chlorides axe* more or less hydrolyzed by treatment with water. 
Similar remarks apply to the bromides and iodides The evaporation of aq soln. 
of the salts which are hydrolyzed by water furnish the hydroxide mixed with the 
halide as dry residue The non- volatile chlorides which are not decomposed by 
heating in air are not generally decomposed when mixed with carbon and heated 
to a high temp , although if wateT vapour be present, reduction may take place. 
J L. Gav Lnssac and L J, Tbenard obtained similar results by heating mixtures 
of these chlorides with silica, alumina, beryllia, bone oxide, and calcium phosphate 
When the chloride is heated with sulphur there is usually little or no action, in some 
cases sulphur chloride is formed , and with phosphorus the chlorides are decomposed 
Phosphorus pentoxide forms phosphoryl chloride when heated with sodium ohlonde. 

The alkali chlorides absorb sulphur trioxide vapour Sodium chlundo forms a 
chloropyrosulphate, NaS 2 OeCl When sulphur trioxide and sodium chloride are 
gently heated the reaction is symbolized. 2 NaCl+ 4 SO J ==Na 2 S 2 07 +S 20 6 Cl 2 , at 
a red heat, sulphur dioxide and chlorine 11 are formed 2NaCl+2S0 3 ==Na 2 S0 4 
+C1 2 4 S0 2 . According to A. Vogel, the chlorides of the lighter metals — manganese, 
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zinc, cobalt, iron — are decomposed by cone sulphuric acid at ordinary temp ; 
for a complete transformation the chlorides of copper, antimony, and bismuth, 
require heating with the acid ; and the chlorides of arsemo, tin, and meroury(io) 
are not completely decomposed at any temp. When cone, sulphuric acid is heated 
with chromic anhydride or its salts, chromyl chloride distils over ; with the dil. acid, 
chlorine is evolved Most metal chlorides give chlorine when heated with man- 
ganese or lead dioxide and sulphuric aoid Nitric acid converts most of the chlorides 
more or less completely mto nitrates ; similar remarks apply to bone, arsenic, and 
phosphoric acids The insoluble chlondes are decomposed by fusion with alkali 
hydroxides, peroxides, or carbonates. 

Thermochemistry of the halides. — The heats of formation of the anhydrous 
fiuondes, chlondes, bromides, and iodides are indicated in Table X VlI along with 
the heats of formation in dil. soln. If the heats of combination of the different 


Table XVLL — The Molecular Heats of Formation of the Halides (Cals per 

Gram-molecule). 


X-F, Cl, 
Br, or I 

Fluorides 

Chlorides. 

Bromides. 

Iodides. 

Formation 

Solution 

Formation 

Solution. 

Formation 

Solution 

Formation 

Solution. 

H,X . 

38 5 

50 3 

22 0 

39 4 

13 5 


-0 8 


K,X . 

110 0 

113 6 

106 7 

101 2 



— 

___ 

. 

Na,X . 

100 72 

109 12 

07 9 

96 6 

90 7 

— 

* 74*2 


la, X . 

— 

116 88 

93 9 

102 3 





- 

_ 


101 25 

99 75 

76 8 

72 8 





— . 

. 

Ba, X, . 

224 0 

221*5 

197 1 

198 3 





__ 

. 

Sr, X a . 

224 02 

— 

184 7 

196 85 

— 

— 





Ca, Xjj ■ 

216 46 

— 

169*9 

187 4 

151 6 



118 6 


Bo, Xj • 

— 

— 

166 0 

198 3 


__ . 




Mg,X.. 

209 5 

. 

1612 

187 1 





— . 

_ 

Zn, X a . 

— 

138 2 

97 4 

113 0 

78 2 

93 2 

49*2 

60 6 

Si, X 4 • 

275 9 

gas 



— 



— 


Cd, X a . 

— 

121*7 

93 7 

94 6 

76 2 

77 2 

46 0 

44*0 

Hg, X • 

— 

— 

31 32 

— 

24 5 

. 


Hg.X, 

— 

— 

62 8 


60*8 



448 



Cn,x . 

• — 

— 

35 4 

— . 

26*0 





Gu, A., • 

— 

88*1 

61*4 

62 6 

34*8 

63 0 

16 5 

_ , 

Au, X - 

— 



68 

— 




—66 0 


Au, X 8 . 

— 

— 

22*8 

27 2 

121 

8*4 



Ag, X . 

22 1 

26 5 

29 2 

— 

27 7 


19 7 


TI.X . 

— 

64*4 

48 6 

38 4 

_ 

— 


. 

Pb, X a 

— 

— 

83 9 

77 9 

69 0 

59 0 

420 



Pd, X* . 

— 

_ 

40*5 

— , 




! 

Fe, X a . 

— 

126 2 

82 2 

101*1 

70 0 

, 

38 0 

__ __ 

Fe, X 8 . 

— 

164 9 

96 16 

127*85 

. — . 

. 


____ 

Co, X. . 

— 

120*3 

78 7 

95 0 




t _ 

_____ 

Ni, X a . 

— 

119*0 

74*7 

93*9 


, . 




Sn, X a . 

— 

— 

80*9 

— 

63*0 

T _, 

_ 

, 

Sn, X 4 . 

— 

. — 

129*8 

liquid 

98 4 

liquid 

_ __ 



Mzi, X a . 

— 

163 3 

112 0 

128*0 

100*0 

_ . 

68 0 



Al, X a . 

— 

276 2 

161 8 

238 1 

120 6 

207-6 

80*4 


s, X, . 

— 

— . 

128*8 

gas 






As, Xj . 

— 

— 

71*6 

— . 

59 1 

— . 

28*8 


Sb, X, . 

— S- 

136*7 

91*4 

— 

64 9 

- 

29*2 


Sb, X B 
Bi,X* 


*— 

104*5 

90*8 

— 

— 

— 


— 

B, X 3 . 

— 

219*3 

89 1 

gas 



_ . 



Pt, X 4 . 



60 2 

79 8 

42 4 

52 2 

— * 

— 


dements with chlorine be plotted with the at. wt. of the elements, a periodic curve is 
obtained as indicated in Fig. 17, where the hyphens denote the want of data. 
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The heats of formation of the chlorides are uniformly higher than the corre- 
sponding bromides, and the heats of formation of the bromides, in turn, are higher 
than the iodides. As a result, fact and hypothesis show that bromine will displace 
iodine and chlorine will displace both bromine and iodine — e g 2 AgI+ 0 l 2 = 2 AgCl 
+I 2 +19 0 Cals On the contrary, hydrogen iodide will attack silver chloride 
forming iodine and hydrogen chlonde The reverse action, AgCl+HI=AgI+HCl 
+13 3 Cals , corresponds with the fact that the difference between the heats of 
formation of HC1 (22*0) and HI ( — 0 8) is greater than the difference between the 
heats of formation of AgCl (29 2) and Agl (19 7) Hence, heat is evolved by the 
reaction G. N Lewis and M Bandall 12 give for the free energy of formation of a‘ 
Br'-ion, —24,594 cals , and for an I'-ion, — 12,304 cals at 25°. 

Chlorine displaces oxygen from most of the oxides if assisted by heat With 
the alkalies and alkaline earths, hypochlorites and related bodies are formed 
These, however, are decomposed at higher temp Aluminium chloride is partly 
decomposed by oxygen at a red heat , the reverse action obtains if the energy of 
the reaction be strengthened by allowing carbon to act simultaneously with the 
chlorine, so that instead^ of an endothermal reaction : A1 2 0 3 +3UL 2 — 2 ALCI 3 
+30—11 7Cals 3 anexotherinalreaction‘ Al20 3 +3C+3Cl 2 =2AlCl 9 +3C0+67‘2 Cals. 
Similarly, bromine displaces oxygen in very many cases, but red-hot aluminium 
bromide bums m oxygen gas . 4AlBr s +302==2Al 2 0 3 +6Br2. Manganous chloride 
is decomposed by oxygen gas contrary to what might be expected from the numbers 
in the above table, but in this case, not 


MnO (47 0) but a higher oxide, WLth a 
heat of formation of nearly 58 Cals , is 
produced 

J L Gay Lussac has shown that 
iodine will displace oxygen from sodium 
and potassium oxides at a dull red 
heat as would be anticipated from the 
above data. The reaction is, however, 
complicated by the formation of basic 
lodates with the evolution of heat. 



These disturbing side-reactions explain 17 — Heats of Formation of the Chlorides.* 

the difficulty in preparing iodides quite 

free from lodates The iodides of calcium, zme, and iron are decomposed by 
oxygen, manganous iodide bums in oxygen, and the vapour of aluminium 
iodide, mixed with oxygen, is explosive Mercuric and silver iodides are not 
attacked by oxygen, while the oxides are readily decomposed by a stream of 
iodine vapour. Lead oxide is decomposed in a stream of iodine vapour, and lead 
iodide is decomposed by a stream of hot oxygen. In all these cases, the thermo- 
chemical data fit in well with the observed facts 


Acid halides. — The chlorides of many metals absorb considerable quantities of 
hydrogen chloride, and at the same time much heat is evolved This is supposed 
by M Berthelot 18 to show that acid chlorides may be formed, but if so, M Berthelot 
and L de St Martin consider that the products obtained with the monobasic acids 
are decomposed more or less completely when dissolved m water, since the thermal 
change which attends the admixture of one eq quantity of hydrogen chloride 
with an eq of potassium, sodium, or ammonium chloride varies from — 0*03 to 
—0 04 cal 


The products with the dibasic acids are only partially decomposed, the degree of 
decomposition depending upon the relative proportions of water, acid, and neutral 
salt In accord with the solubility law, the solubility of chlorides m cone hydro- 
chloric acid is generally less than m water, but m some cases, the solubihty is greater 
For instance, this is the case with mercuric chlonde, and M le Blanc and A A Noyes 
found the f p of soln. of mercuric chlonde m hydroohloric acid to be progressively 
depressed only up to the point where the soln. contains the eq. of HgCl 2 2H01. 
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There are similar indications of the formation of a number of other acid chlorides, 
CuCl HC1 . FeCl 3 HCl2H a O, CuCl fi 2HCl, etc ; and P Pfeiffer (1902) has compiled the 
following list of acid chlorides which have been isolated CuCl HC1 , OuCl a HC1 3H a O , 
CuCl 2 2HC1 5H,0 ; CnCl a 2HC1 EgCl a HC1 , PtCl s HC1 2H s O , PtCl* HC1 , PtCl< 2HC1 
8H a O ; AuC1 3 HC1 4H a O , ZnCl a .HCl 2H a O , 2ZnCl a HC1 2H a O , CdCl a .2HCl 7H a O , 
SnCl 3 HC1 3H a O , SnCl 4 2HC1 GH a O , 2SbCl 3 HC1 3H a O , 2 BiC 1 3 HC1 3H a O. Similar 
remarks apply to the add bromides, and P, Pfeiffer’s list (1902) contained HgBr j HBr 4II a O , 
CuBr 2 .EBr 2H a O ; AuBr, HBr 5H a O , IrBr a 3HBr 3E a O , SnBr 4 2HBr 8E a O , 
PtBr 4 2HBr 8H.O ; TeBr 4 EBr 5E a O ; TeBr 3 HBr The acid Iodides likewise comprise 
SnI g HI, Pbl 2 HI.5H a O ; Bil 3 HI 4H a O , Ptl 4 2HI 9H a O ; Tel 4 HI 8H a O 

J H Kastle 14 has emphasized the fact that, excluding the colouring effects of 
the chromatic elements like chromium, nickel, copper, cobalt, etc , nearly all the 
fluorides are white, hut a few are coloured — e g. bismuth fluoride is reported to be 
grey. The greater proportion of chlorides are white, while but a few are yellow 

g. phosphoric chloride, PC1 5 The bromides are generally white , several are 
yellow — e q silver hTomide and phosphoric bromides — and a few are red — e g the 
polybromides, KBr s ; bromine hydrate, Br 2 5H 2 0 ; tellurium bromide is orange. 
The iodides are usually white, many aie a darker yellow than the bromides — 
e.g silver mercuric, mercurous, and lead iodides , a few iodides are red — e q poly 
iodides, KIg , carbon tetraiodide , and phosphorous, arsenous, and mercuric iodides 
Some of the polyiodides have a colour very like solid iodine — e g tellurium iodide 
is black A gradation in colour is sometimes observed m passmg from the fluoride 
or chloride to the iodide — e g silver fluoride is white, the bromide is pale yellow, and 
the iodide, yellow , phosphorus pentafluonde is colourless, the chloride is pale yellow, 
and the bromide is yellow — the iodide is not known. J. H. Kastle argues that the 
darkening of the colour of the halides with heat shows that a little dissociation is 
taking place, and hence infers that the darker colour of the iodides and bromides is 
also due to dissociation The less stable the halide the more highly coloured the 
product. It is very doubtful if the first premise is right. 
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§ 13. Colour Changes on Heating Elements and Compounds 

Manv observers 1 have noticed that tho colour of several substances becomes 
darker when heated, and E J. Houston said that the addition of heat oauses a colour 
to pass from one with a greater to one with a less vibration frequency In other 
words, the alterations in colour which substances undergo when heated is such 
that the colour passes through the chromatic scale 

Heating— > 

White-Violet-Blne-Green-YeUow-Orango-Red-BTO’wn-Black 

<— Cooling 

The chromatic changes thus take place m a definite order, the order of the spectrum 
colours from the violet towards the red end of the spectrum— and subsequently 
brown or black The violet and blue stages are often omitted, and the colour 
changes directly from white to pale yellow Table XVIII is cited in illustration. 


Table XVIII — Colour Changes or Compounds with TEMDEnATtnm. 


Compound 

Normal colour at ordinary 
tamp 

Colour ob an go with rise of 
temp 

Zmo oxide 


White 

Yellow to orange 

Mercuric iodide 


Red 

Bark red 

Lead oxide . 


Yellow 

Orange to red 

Thallium iodide 


Yellow 

Orange to red 

Copper borate 


Blue 

Green to groerush -yellow 

Lead chromate . 


Yellow 

Red to black 

Silver iodide 


Yellowish- whito 

Orange, red, dark rod 

Mercuric oxide 


Orange-yellow 

Orange, red, brown 


J. H Kastle (1900) also noted that coloured substances usually become lighter in 
colour on cooling ; thus, bromine at —190° is orange-red, at ordinary temp dark 
red , red phenolphthalein in alcoholic soln becomes colourless ; violet ohromic 
chloride becomes pink , citron-yellow phosphorus pentabromide and yellow iodo- 
form become white ox pale yellow , red mercuric iodide becomes orange-yellow ; 
rhombic sulphur becomes nearly colourless at —190° , red phosphorus, dark plum- 
coloured chromio alum, pink manganese chloride, and golden-yellow iodide become 
much paler m colour I. Walz added that the same order is observed in a large 
number of reactions m which the colour change is induced by chemical action. 

W. Aokroyd also found that the colour of compounds becomes redder when heated, 
and considered that the rnetackrowi(vL'isrri i as he styled it, is due to an increased absorp- 
tion of light with elevation of temp , so that the more refrangible rays increase at a 
greater rate than the less refrangible rays, a conclusion whioh was confirmed by 
measurements of E L Nichols and B W Snow with sulphur, molybdio acid, lead 
monoxide, red lead, mercuric iodide, mercuric oxide, merourio sulphide, fonic 
oxide, chromic oxide, ultramarine, and zinc oxide. They showed that a pigment 
owes its colour to bght reflected from the mtenor because that reflected from the 
surface is nearly white When a pigment is heated, its reflecting power is 
diminished; and the diminution is usually more marked m tho regions of the 
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greatest refrangibiktv The changes m colour on heating aie due to this unequal 
loss of reflecting power, and the colour appeals to shift towards the xed because 
the loss of brightness is least m the red and increases rapidly in passing towards 
the violet end of the spectrum as illustrated with sulphur in Big 18. There 
axe, however, cases — c g chromic oxide and zmc oxide where there is a shifting 
towards the ’longer wave-lengths The converse change occurs on cooling Thus, 
E. Wiedemann has shown that sulphur becomes white when cooled by carbon 
dioxide snow, and becomes more intensely yellow as the temp approaches the 
m.p The weakening or dilution of the colour is due to an increased reflecting 
power. W. Ackroyd assumed that as the absolute zero is approached, the pi evading 
tints of pigments will be blues and violets, merging finally into white 

W. Ackroyd and W M E Petrie further showed that with binary compounds, 

* an increase m the electronegative element pro- 

duces a colour change towards the red end of the 
spectrum Thus, mercurous iodide and chromic 
sesquioxide are green, while the corresponding 
mercuric iodide and chromium trioxide are red , 
aurous oxide is green, gold sesquioxide is brown , 
mckelous oxide is green, the sesquioxide is black ; 
manganous oxide is green, and of the higher 
oxides, manganese tetroxide is reddish-brown, 
manganese sesquioxide is brownish-black, man- 
ganese dioxide is black Lead monoxide is yellow, 
lead retroxide is red, and lead dioxide is brown , 
ferrous oxide is white or yellowish, feme oxide is 
red , antimony tnoxide is white, the pentoxide is 
yellow , bismuth trioxide is yellow, the pentoxide 
is brown ; chromous chloride is white, chromic chloride violet , cuprous oxide is 
red, cupric oxide is black , etc 

T Carnelley has further shown that if in a senes of compounds A n X m , 

CnXjn, . in which A, B, 0, represent elements belonging to the same sub- 
group of MendeleefFs Table, the colour passes wholly or partially through the senes • 

White— >V iolet— >Blue— een— >Y ellow— >Orangc— >Red— >Brown— >Black 

with an increase of the at wt of the elements A, B, C, In other words, as the 
at wt, of the elements A, B, C, . in the same sub-group of Mendeleeffs Table, 
increases, the more does the colour of a corresponding senes of compounds pass 
towards the red end of the spectrum, and thence to brown and black The rule 
does not necessarily apply to elements of the same group but a different sub-group , 
nor does the comparison apply if oxides are compared with sulphides, fluorides with 
chlorides, etc Bor instance, 

MgO ZnO CdO HtrO 

White White and yellow Brown and red Yellow and red 

Of 426 cases tested, T Carnelley obtained fifteen exceptions, and with these ex- 
ceptions there is some doubt about the purity of the compounds whose colour 
has been reported, particularly with the salts of the rarer earths. Theie are also 
indications that the colours of the salts of the elements are periodic functions of the 
at. wt. In the case of the iodides when the ordinates represent the at wt of the 
positive element, and the abscissa a chromatic scale nsmg from black to brown, 
red, orange, yellow, green, etc , a periodic curve analogous with the at vol curve is 
obtained. 

J. W. Capstick gives the following kinetic explanation of the phenomena : The 
molecules of a solid vibrate about certain mean positions, and with all the other 
conditions uniform, the period of vibration will he greater, the greater the maBs of 
the molecule. If the period of vibration be small enough to coincide with some 



Fig 18. — Refleoting Power of 
Sulpliur at 25° and 103° 
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vibration outside the violet end of the spectrum, no visible vibration will be absorbed, 
and the colour will appear white , when the mass of the vibrating molecule is aug- 
mented sufficiently to bring the period of vibration up to the violet end of the 
spectrum, the vio]et rays will begin to be absorbed, and the colour of the compound 
will appear to have the complementary tint — greenish-yellow ; with a still further 
increase m the mass of the molecule, the blue rays will begin to be absorbed, and 
the light left unabsorbed gives the compound a yellow colour ; the green rays are 
next absorbed, and the colour appears orange , yellow is then cut out and red 
remains , when the red is also cut out, the colour appears black. This shows at 
the same time how increasing the mol wt of the compound by atomic substitution 
or by introducing a greater quantity of the electronegative element can produce the 
same result The results also show that when the period of vibration becomes 
great enough to cut out a particular colour, it also cuts all those of smaller wave- 
length — e g if yellow is out out, then green and blue are also cut out , if otherwise, 
the colours would travel from orange to reddish-purple, and when the red is cut out 
the colour would incline to green instead of black Some change of this character 
seems to occur with gold oxide, and the vanadium and uranium chlorides. 

J W. Capstick further explains the effect of temp, on the colour of compounds 
by assuming that ( 1 ) the molecules vibrate about certain mean positions, and that 
(n) a rise of temp produces a greater amplitude of vibration, hut not a greater 
period, so that if the vibration be not quite harmonic, a greater amplitude may, as 
with a pendulum, require a longer period (in) A rise of temp is also supposed to 
weaken the cohesion or inter-molecular attraction between the molecules, and thus 
lessen the force of restitution, so that the molecules vibrate more slowly and thus 
produce the same sequence of colour changes with rise of temp, as are observed 
when the mass of the molecule is increased 
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§ 14. Double and Complex Salts 

Two or more simple salts, each primarily formed by the union of base and acid, 
may unite to form other salts— compound salts— of greater complexity, sometimes 
called molecular compounds The compound salts are often well crystallized, and 
they are frequently formed by replacing one or more molecules of the water of 
crystallization by eq molecules of another salt Evidence concerning the state of 
a dissolved salt is mainly the result of observations on the physical properties of 
the soln * eg rates of diffusion of the constituents, volume changes on mixing, 
thermochemieal phenomena, solubilities, electrical conductivities, etc If a soln. 
of two salts with common basic or acidic radicles be allowed to crystallize, (1) The 
salts may separate from the soln independently, and upon this fact is based the 
process of fractional crystallization (2) The two salts may crystallize simulta- 
neously forming an isomorphous mixture — mixed crystals — in which the resulting 
crystals have a variable composition. The salts may be (#) miscible m all pro- 
portions ; (6) partially miscible (3) The two saltB may separate in constant 
it oi chiometncal proportions forming a double or complex salt. (4) Within certain 
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limits of concentration, both, mixed crystals and double salts may be formed 
There are three types 1 

1. Mixed crystals and solid solutions. — Potassium perchlorate and potassium 
permanganate are isomorphous, and form mixed crystals of all shades of colour 
ranging from a faint pink to a deep purple according to the relative proportions of 
the two salts in the crystals. The physical properties of the mixed crystals aTe 
additive — that is, continuous functions of their compositions ; and aq soln. of the 
mixed crystals give reactions characteristic of their components — m the present 
example, of potassium perchlorate and potassium permanganate. The two salts 
form crystals containing all possible proportions between 100 per cent potassium 
perchlorate and 100 per cent, potassium permanganate, as discussed under Retgers’ 
law. 

2. Double salts. — As m the case of mixed crystals, aq soln of double salts give 
reactions characteristic of the component simple salts, but the physical properties 
of the Bohd salt are not necessarily additive, and the component salts only unite m 
simple molecular ratios. For instance, soln. of colourless lithium chloride, LiCl, 
and green cupric ehlonde, CuC 1 2 .2H 2 0, unite to form ruby-red crystals, and 
an aq soln gives reactions characteristic of chlorides, copper, and hthium; 
ferrous ammonium sulphate gives reactions characteristic of ferrous and ammonium 
sulphates It is pure chance if the composition of a mixed ciystal happens to be in 
simple molecular ratio since a variation m composition of the mother liquid from 
which the crystals are deposited will be attended by a variation in the composition 
of the crystals A change m the composition of the liquid may change the com- 
position of the compound salt, but the change will be abrupt, not gradual, in 
harmony with the law of multiple proportions. 

3. Complex salts 3 or salts of complex acids. As m tho case of double salts, the 
component salts of the so-called complex salts are combined m a simple molecular 
ratio, and the resulting compound salt is quite distinct fiom a mechanical mixture 
of the component salts ; and unlike double salts, the chemical properties of a Boln 
of a complex Balt are different from the properties of sola, of the component salts 
Copper bromide forms a dark brown aq soln , which becomes purple-red on the 
addition of lithium bromide ; the change in colour is doubtless due to the formation 
of a complex Li 2 CnBr 4 6H 2 0. The term double salt u? often applied somewhat 
loosely to compound salts formed by the union of one or more molecules of one 
salt with one or more molecules of another salt , but, at W. Ostwald 2 said in 1889, 
the term double salt should not be applied to combinations of two salts which 
give reactions different from those of the constituent salts. For example, the 
complex salt potassium ferrooyamde is a compound salt formed by the reaction • 
4J£Cy +F eCy 2 =K 4 FeCy 6 The product of this combination does not give the 
analytical reactions characteristic of potassium cyanide nor of ferrous cyanide. In 
the language of the ion theory, this is expressed by saying that the ions of complex 
salts in solution are different from, and the ions of double salts are similar to, the 
ions of the simple salts from which they are derived. The ions of potassium cyanide 
(neglecting secondary reactions) are K and Cy' ; and the ions of ferrous cyanide, 
Fe * and Cy'. The ions of potassium ferrocyamde, on the contrary, aie K' and 
FeCy"". There are, therefore, no ions of Cy* and of Fe m an aq. soln of 
potassium ferrooyamde However, the term double salt and the corresponding 
formula are employed empirically — particularly when the character of the ions has 
not been established According to the ion theory, the physical and chemical 
properties of dil soln. of simple salts are m many cases the sum of the properties of 
the constituent ions ; with complex salts, the physical and ohemical properties — 
density, compressibility, capillarity, viscosity, refractive power, magnetic rotation, 
light absorption, colour, etc. — are usually very different from those of the ions of 
the constituent salts In investigating the nature of a complex salt, physical and 
chemical methods may he applied, and, unless secondary changes intervene, the 
results furnished by each should be consistent with one another. 
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The rate ol diffusion. — In order to find if the components of a double salt are 
dissociated in soln — say, alum. K 2 S0 4 AjySO^gaq ^K 2 S 04 +Al 2 (S 04 ) 3 +Aq. 

T Graham 3 assumed that the dissociated parts would diffuse with different velocities, 
and he found that potassium and aluminium sulphates diffused at different rates 
from an aq. soln of potash alum into the pure solvent Hence, he assumed that 
alum is partially dissociated into its constituents when in aq soln. He likewise 
inferred that the components of the double sulphates of potassium and copper, and 
of potassi um and magnesi um , are not dissociated in aq. soln since under the same 
conditions there is no sign of any difference m the rates of diffusion of the com- 
ponents E Fischer and E. Schroidmer 4 determined the relative quantities of the 
components of double salts which were drawn up by capillary attraction mto rolls 
of filter paper. If a double salt is dissociated a larger proportion of the more dif- 
fusible component ascends the paper. Dissociation is far more pronounced in aq 
than in alcoholic soln. 

The specific volumes. — P Kremers (1856) 6 and P A Favre and 0 A. Valson 
(1873) argued that if the volume of a mixture of soln of two salts in molecular 
proportions is equal to the sum of the volumes of the component soln before mixing 
no double salt is formed in soln Thus, it was inferred that potassium cupric 
sulphate does not exist as a double salt in aq. soln and that the double salt must 
be born at the moment of crystallization G T Gerlach, however, found that 
some salts behave in the converse way, and hence may be supposed to form complexes 
in aq . soln. 

The heat of solution. — T Graham (1844) and M. Berthelot (1883) 6 assumed that 
if the heat of soln. of a mixture of the constituents of a double salt is not equal to 
the heat of soln of the double salt, the existence of the double salt in aq soln. may 
be regarded as proved. For example, there is an evolution of heat when soln. of 
the halides of mercury and of potassium or ammonium are mixed toegther, but not 
when the corresponding sulphates are mixed Hence, a double salt is formed m 
the one case and not in the other 

The rotation of polarized light. — Botation of polarized light 7 is additive for 
soln. of mixtures of salts which do not form double salts, and there is a marked 
deviation from the additive law for mixtures known to form double salts. 

The mutual solubility of two salts. — Numerous investigations have been made 
on this subject m the light of the phase rule by H. W. B. Eoozeboom 8 and others. 
G. E. Linebarger also submitted mixtures of two salts to the action of various 
organic liquids in whioh one of the salts was insoluble If both salts passed mto 
soln m a molecular ratio, it was assumed that a double salt is formed in soln With 
a mixture of sodium and mercuric cblorideB no double salt was formed with benzene 
or acetone as solvent, hut with acetic ether, a salt, (HgCl 2 ) 2 NaCl, was formed ; 
similarly also with hthium and mercuric chlorides, the salt HgCl 2 LiCl was formed ,* 
hut no double salt was observed with potassium and merouno ohlorides m the same 
solvent 

The lowering of the freezing point. — F M Raoult (1884) 9 assumed that double 
salts axe not formed in soln when the lowering of the f.p of the double salt is equal 
to the sum of the lowerings produced by the constituent salts. Thus the calculated 
value for the mixture HgCy 2 +2KCy is 9 50 , the observed value for the double salt 
is 4 77 In J H van’t Hoff's formula where m denotes the fractional 

ionization, m and i can be substituted in the formula, and the corresponding values 
of K computed E. Petersen (1897-1902) used this method for the cobalt, chromium, 
and platinum amimnes. The calculation of m from the relation is uncertain, 
because at extreme dilutions one of the complexes may he decomposed, and hydro- 
lytic changes may occur. Too high a value for fx,^ is also obtained if it is calculated 
as the sum of the molecular conductivities of the ions at mfirute dilution. Hence, 
the value of K will he greater than that required Values for the ratio uk\ for 
different dilutions, can be determined, and values ot the transport numbers for the 
known ions introduced so as to calculate corresponding values for the complex ions 
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and for the maximum conductivity This enables m to be calculated for fairly 
complex soln. when hydrolytic changes are not very marked. 

The electrical conductivity. — E. Klein 10 showed that if there is a difference 
between the conductivity of a mixture of salts in soln and the mean conductivities 
of the separate constituents, a double salt is probably formed The molecular 
conductivity of a salt, and if possible of its components at different dilutions, has 
been employed to determine the number of component ions in a soln ; it was used, 
for example, by A Werner (1893-1901) with the cobalt, chromium, platinum, and 
other fl.mmin ea.il In moderately cone. soln. the double salts are hut little ionized, 
and the difference between the conductivities of eq soln of potassium zmo chloride, 
ZnCU 2KC1, and of the sum of the constituents amounts to nearly 36 per cent , a 
value which is greatly m excess of that which would be due to the mutual influence 
of salts with a common ion. Tables of the molecular conductivities of salts show 
that with very few exceptions, at a dilution of 1021 litres and 25°, most salts have 
conductivities approximating those indicated m Table XIX. 


Table XTX. — Moleottlae Cootducti vetoes of Salts Soj.vtions at a Dilution- of 

1024 Lnra-EH (25°) 


Number of ions in 
the salts. 

Examples 

| Molecular conductr'^Jes of a dilution of 1024 lities. 

i 

Two fast ions 

One »\iw Ion 

Two slow ions 

Two univalent 10 ns . 

KCl 

150 

120 

85 

Three ions 

BaCl a , Na 2 S0 4 

310 

261 

100 

Four 10 ns * . 

K 3 FeCy a 

480 

420 

380 

Five ions * . 

K 4 FeCy fl 

j 640 

550 

510 


The ionic mobility of the simpler ion of a complex salt is usually known, and 
the other more complex ion will have a mobility, because, as W. Ostwold has shown, 
the mobility of an ion decreases as the number of constituent atoms increases. 
For example, dinitrotetrannmnecohalt chloride, [Co (NH S ) 4 (NO 2 ) 2 ] 01 , furnishes two 
10 ns, the mobility of the chlorine ion is comparatively high, that of the other low 
The nature ol the ions. — In 1814, CL F. Parrst 12 found that m the electrolysis 
of aq. soln. of potassium fenocyanide the alkali accumulated about the negative 
pole, and ferric oxide and hydrocyanic add about the positive pole, and the work of 
J. F. Darnell and W. A. Miller, and of W. HittoTf (1859), showed that double salts axe 
of two kinds, and that in the one land the metal is bound as a complex negative ion, 
and in the other it is the positive ion. For example, m the electrolysis of potassium 
silver cyanide, KCy AgCy, W. Hittoxf (1859) found that silver w*s deposited on 
.the cathode, whereas with salts of the type AgXO s it is deposited on the anode. 
Hence, it was inferred that the salt ionizes KAgCy 2 — K*+AgCy 2 / ; similarly, 

XagPtCyQ ^ 2Ea- + PtCy 6 ' ; K 4 FeCy Q ^ 4E? + FeCy fl "" 

KaAuCl^ Na* + Audi/; K s FeCy c ^3E:* + FeCy 6 "" 

In establishing the character of a complex (or a double) salt, it is necesrary to deter- 
mine the nature and number of the constituent ions It is usually simpler to 
determine if a given metal is in the positive or negative ion by investigating the 
changes of concentration of the liquid about the electrodes during electrolysis. 
Allowances have to he made for secondary changes 

The physical properties of a double salt in soln. may or -may not be different 
from those of a simple mixture of the constituents, because complex Balts may 
completely, partially, or not at all dissociated into their constituent salts in Boln — 
dil. or cone. In the limiting case, the physical properties will be additively thoBe 
of their components — complete dissociation — but in some cases, this is not the 
case. For instance, the solid double salt FeCl 3 2K01.H 2 0 is red 18 A cone, aq. 
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soln of the double salt, or of an eq mixture of the component salts, at 15°, has the 
characteristic yellow tint of ferric chloride, FeCl 3 , hut at about 30° the yellow 
coIout gives way to Ted This is supposed to show that the double salt is not dis- 
sociated into its constituent molecules at 80°, but it is dissociated at 15° Feme 
chloride alone m soln. does not give the red colour at 30°. Similar remarks apply 
to many other physical properties of double salts A complex salt might 
dissociate into its component salts under certain conditions of temperature so 
that it acts as a dissociated double salt at one temperature, and as a complex salt 
at another. 

Double salts and isomorphism. — The tendency to form double salts is connected 
with certain differences m the character of the basic elements m the two salts. 
The sulphates of the zinc family : RS0 4 7H 2 0, do not form double salts, nor do 
the sulphates of the potassium family, but there is a gTeat tendency for a member 
of the one family to form double salts with a member of the other family. Again, 
the members of each family form a senes of isomorphic mixed crystals among 
themselves, and the closer the chemical relationship the greater this tendency. 
This is shown by the contmuous series of mixed crystals between zme and magnesium 
sulphates J. W Retgers 14 even generalizes these facts, and asserts that two 
simple salts which form a continuous senes of mixed crystals cannot form a double 
salt, and conversely Isomorphism and combination, says he, are mutually ex- 
clusive Potassium, rubidium, and caesium form isomorphous mixtures, but not 
double salts , potassium and sodium are not isomorphous, and they form double 
salts — e g Rochelle salt or Seignette salt is a double potassium sodium tartrate, 
EaKC 4 H 4 0 6 H 2 0, and Soaocki’s salt is a double sodium ammonium racemate, 
NaNH 4 C 4 H 4 Oo H 2 0 The sulphates and selenates are isomorphous, hut they do 
not form double salts, while sodium nitrate unites with sodium sulphate to form a 
double salt Sim i larly, the fact that silver and potassium form a senes of double 
salts, but silver and sodium do not, is taken to indicate a closer relationship between 
silver and sodium than between silver and potassium, and this is confirmed by the 
isomorphism between the nitrates and the chlorates of silver and sodium The 
greater the electrochemical difference between the constituents of a series of double 
salts, the greater the stability of the resulting product For instance, the caesium 
salts are the most stable of the alkali double salts in conformity with the fact that 
csBsium is the most electropositive of ail the metals — F W. Hinnchson and E Sachsel, 
for example, found that the stability of the double ferric alkali chlorides mcr eases 
with the electropositive character of the alkali metal No compound of sodium 
and ferric chlorides occurs between 0° and 60°, but with potassium chloride one 
double salt, FeClg 2KC1 H s O, is formed, while caesium chloride gives two suoh salts : 
FeCl 3 2CsCl HaO and FeCl 3 3CsCl H 2 0 

•The relation between the tendency of an element to form a complex and its 
position in the electrochemical senes has also been emphasized by R Abegg and 
G Bodlander (1899) ; 16 the tendency to form complexes increases with decreasing 
electro-affinity as measured by the decomposition potentials. The stability of a 
complex is a measure of the tendency of its constituents to combine, and this is 
assumed to he the greater, the smaller the amount of complex ionized The com- 
plexes formed by dissolving the mercuric halides m a soln containing a common 
anion takes place according to the reaction : mHgX 2 +wX / =:(HgX 2 ) w X / 77 ; the 
more stable this oomplex, the less will it he ionized • (BLgX 2 ) w X' n =mHg * 
+(2 m-\-ri)X? G. Bodlander (1903) represents the stability of a oomplex by what he 
calls the stability constant, which he assumes is equal to the concentration of the 
complex divided by the product of the concentrations of the component ions raised 
to that power which, according to the law of mass action, corresponds to the number 
of single ions constituting the complex For the above reaction, the stability 
complex is 


Stability complex = 


(Hg 

(Hg 
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The stability complex of tbe series of mercuric salts, HgCl 2 , HgBr 2 , Hg(SCy) 2 , 
Hgl 2 , HgCyo» increases in the order named 
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§ 15. Double Halides 

% 

Different metal chlorides unite with one another to form double lasts. Just as 
the acidic and basic oxides unite together to form oxy- salts, so do the halides of an 
electropositive element (ot radicle) unite with a halide of a less positive element 
(heavy metal or metalloid) to form double halides So far as is known the alkali 
chlorides do not unite with one another to form double salts, nor do the halides of 
the same natural group form compounds with one another, but compounds of the 
alkali chlorides with the chlorides of the more electronegative chlorides are known 
A comparison of nearly 500 double halides has been made by H L Wells (1901) * 
He calls tbe one component — e g. the alkali halide- — the positive halide, and the 
other the negative halide. A. Werner calls the halide which plays the role of the basic 
oxide, the basic halide , and the other, the acid halide A great many of the simp le 
types of the double salts predominate Writing the number of molecules of the 
positive halide first, and the negative halide second, salts of the 2 . 1 and 1 . 1 ratios 
cover about 70 per cent of the hat of known double halides, and 4:1, 3*1, 3:2, 
2 : 3, and 1 : 2 represent over 25 per cent. Two halides sometimes unite in several 
proportions— for instance, six caesium mercuric halides have been reported where 
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CsCl : HgCl 2 =3 : 1, 2 . 1, 1 : 1, 2 : 3, 1 . 2 a and 1 : 5 ; and five caesium antimonious 
fluorides where CsF SbF s — 1 1, 3 4, 4 : 7, 1:2, and 1 : 3. According to 
l Reinserts rule (1889) * When a halide of any element combines with a halide of 
an alkali metal to form a double salt, the number of molecules of the alkali salt 
which are added to one molecule of the other halide is never greater, and is generally 
less than the number of halogen atoms contained m the latter — for instance, in the 
double fluoride of sodium and aluioimum, where the negative halide has three 
fluorine atoms, no more than three molecules of sodium fluoride will be found 
united with one of aluminium fluoride 

F Ephraim (1903) also stated that the number of molecules of alkali halide which 
can umte with a heavy metal halide is greater (i) the smaller the at wt of the heavy 
positive metal ; (n) the greater the at wt of the negative metal , and (m) the smaller 
the at wt, of the halogen He cited m illustration the fact that vanadium (at wt. 
51 2) forms a stable ammonium salt,3NH 4 F V0 2 F, while the corresponding potassium, 
zinc, and copper salts are not known , but columbium (at. wt 93 7) forms a potassium 
salt, but not the corresponding zinc and copper salts F Ephraim also showed that 
m the case of the vanadic fluonde and oxyfluoride, the number of the alkah fluoride 
radicles fixed m the molecule is determined by the at wt of the alkah metal or 
radicle For example, the salts 6NH 4 F V 2 F 6 , 5NaF V 2 F Q , and 4KF Y 2 F 6 , and 
9NH4F.VOF 2 ; 8NaFVOF 2 ; 7KFVOF 2 , have been made, while attempts to 
make 6NaF.V 2 F 3 have failed H. L Wells could find no indications dependent 
upon the positive or negative nature of the halide, and it follows that if the number 
of halogen atoms plays no part m the formation of these double salts, X Remsen’s 
rule cannot be valid This is exemplified by the salts 3CsGl.Cu01 , 4NH 4 C1 ZnCl 2 , 
5T1I T1I S , 2KC1 CuCl , 4KC1 CdCl 2 ; etc It is therefore a mere accident that 
Remsen’s rule applies to so large a proportion of the known double halides Similarly, 
the double salts with rubidium and caesium halides do not fit Ephraim’s rule, 

L Meyer pointed out that the faculty of forming double compounds resides 
more particularly in the negative elements — i e the non-metals — and not in the 
positive elements — i e the metals The negative elements exhibit a higher valency 
towards each other than positive elements The affinity of a negative element or 
radicle is rarely exhausted by direct union with a positive element, and consequently 
these elements or radicles possess a surplus or residual affinity. The elements which 
are usually supposed to possess a feeble affinity for one another, manifest the greatest 
tendency to form double compounds. The' relative stability of the halogens at 
high temp, as well as their general properties shows that m the series . Chlorine, 
bromine, iodine, cyanogen , chlorine has the greatest and cyanogen the least affinity 
for one another, and yet mercuric oyamde has a greater affinity for other cyanides 
than mercuric chloride or bromide for other chlorides or bromides respectively 
Thus, according to J Thomsen, the heats of formation of those compounds with the 
corresponding potassium halides in aq soln are- JTgCl 2 2KC1, -1 38, HgBr 2 2KBr, 

1 64 ; Hgl 2 2KI, 3’4o ; HgCy 2 .2KCy, 8 83 Cals Similarly, the compound PI a HI is 
more stable than the corresponding PBr 3 HBr or PC1 3 HC1 The tendency of the 
different halides to form double salts is not always that which might have been 
anticipated , while some form typical double chlorides, bromides, and iodides, others 
form double chlorides, but not double bromides or iodides, etc 

Univalent halides — e g NH4CI AgCl , CsCl CuCl ; 2KC1 CuCl ; etc The halides 
of the alkah metals do not often unite together to form stable complexes. Uni- 
valent copper, silver, and gold form double chlorides with the alkali halides, while 
the corresponding double bromides of silver and gold and the double iodide of 
silver have not been made The facts can be summarized in the form of a scheme 
due to P Pfeiffer (1902), where the hyphens represent compounds which have 
not yet been prepared : 
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The a mm onium salts seem to form a special series of a different type to most of the 
other salts This is connected with the general tendency of ammonium salts to 
form complex compounds, which m turn depends upon the peculiar properties of 
nitrogen — the mercury-ammonia compounds can be cited in illustration. Similar 
remarks apply to the ferro- and fern-cyanides, etc 

Bivalent halides . — These halides include those of herylhum, mangesium, zmc, 
ca dmiu m, mercury, copper, lead, tm, platinum, palladium, etc. They could be sub- 
divided into at least two classes typified ( 1 ) by KC1 MgCl 2 » anc ^ ( u ) by 2KC1 MgCl 2 , 
2NH4C1 CuCl 2 2H 2 0 ; etc. P. Pfeiffer represents known and unknown compounds 
by the scheme . 
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The double cupric, ferrous, manganous, and nickelous iodides have not been pre- 
pared ; the double ferrous and molybdenous iodides are wanting , and the double 
mdious iodides have alone been prepared 

Tervalent metals — The halides of indium, thallium (ic), aluminium, iron ( 10 ), 
manganese, arsenic, antimony, gold, chromium, rhodium, ruthenium, osmium, 
bismuth, etc , form at least three classes of salts typified by ( 1 ) KF BF a ; 
KG CrCl 3 , etc ; ( 11 ) 2KI Bil s ; etc , and (m) 3NaF A1F S ; 3T1C1 FeCl 3 , etc. 
Fourteen give the double chlorides , while the double bromides and iodides of 
indium, manganese, rhodium, osmium, and ruthenium, and the double iodides of 
iron and of chiomium are wanting P Pfeiffer gives the scheme 
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Quadrivalcn ' metals — This group includes ruthenium, palladium, osmium, 
platinum, tm lead, tellurium, selenium, uranium, titamum, germanium, zirconium, 
thorium, manganese, antimony, etc There are at least three types of salts repre- 
sented by ( 1 ) PtCl* 2KC1 ; (n) a few of the type SiF 4 LiF, and (in) ZrF 4 3KF 
Selenium gives the double bromide ; ruthenium, palladium, manganese, and anti- 
mony give the double chlorides , while osmium, uranium, tm, titamum, and thorium 
double iodides are wanting 


a . 

Ir Ru 

Pd Os 

Pt 

Sn 

Pb 

Te — 

U 

Ti 

Th Mn Sb 

Br . 

Ir — 

— Os 

Pt 

Sn 

Pb 

Te Se 

u 

Ti 

Th — — 

I . 

Ir — 

— — 

Pt 

— 

Pb 

Te — 

— 

— 

— — 


Salts of the 2 1 type with quadrivalent platinum are specially numerous 

Qmnguevalent metals — A few representatives of each of the following five 
classes are known . (i) AsF 5 KF ; (n) AsF B 2KF, 2RbF TaF 5 ; (ui) NbF B 3KF , 
(iv) PCl B .2SnQ 2 , 4NH 4 C1 ShCl 5 , (v) PG 6 SbCl B 

In a general way (1) the double halides increase m stability, ease of formation, 
and variety from iodides to the fluorides ; (2) cBesium appears to form a more exten- 
sive series of double salts than any of the other alkali metals, but there are exceptions, 
fox potassium and ammonium magnesium chlorides are easier to make than the 
corresponding caesium salts , (3) Godeffroy’s rule that all double salts of caesi um 
are less soluble than those of the other alkali metals is true in many cases, hut it is 
not invariable, because the 1 : 1 osesium zmc salts are too soluble to crystallize 
readily, while the corresponding potassium and ammonium salts axe not difficult 
to crystallize (4) The tendency of the double halides with the metals of the zmc 
family magnesium, zinc, cadmium, and mercury — to form double halides increases 
with the at wt , hut it is doubtful if the rule applies generally — as exemplified by 
the zirconium, thorium, antimomous, and bismuth salts (5) The gradation in the 
water of crystallization of the double halides, says I Rernseu, seems to worease 
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with the at wt o£ the halogen and decrease with the at. wt. of the alkali metal — 
for instance, there is generally a larger amount of water of crystallization in the 
sodium, and kthium salts, and in the iodides , and a smaller amount m the osesium 
salts and in the fluorides. There are, however, some apparent exceptions to this 
role. There is no evidence to show that a molecule of water of crystallization is 
eq. to an alkali halide molecule, similar to the relation supposed to subsist between 
FeS0 4 .7H 2 0 and FeS0 4 (NH4) 2 S0 4 .6H 2 0. 

The mam difficulty in preparing the double halides rests on the ease with which 
they are decomposed by water, and the ease with which one halogen salt is decom- 
posed by the acid of the other. Some success has been obtained in the employment 
of non-aqueous soln for the preparation of salts which are decomposed by water. 
It is probable, too, that many of the double Balts which have been reported axe 
merely mixtures For example, the so-called mixed double halides are probably 
mixtures of different double halides each containing one halogen The evidence for 
the alleged double salt Pbl 2 4JKJ is now regarded aB inadequate , and generally a 
re-examination of systems in the light of the phase rule has shown that many of 
the old data are quite unreliable — mixtures have been reported as double salts and 
vice tersd. Before the phase rule had been accepted as a guide, analyses of pre- 
cipitates, etc., were interpreted by chemical formulae, and no other check was 
employed The double halides axe usually prepared by bringing together the halogen 
salts m a strongly acid soln , and the fact that they must usually be made in the 
presence of one of the halogen acids, hunts the resulting product. For instance, a 
soln containing both a bromide and a chloride would, m the presence of an excess 
of hydiochlono aoid, form free hydrobromio acid and chloride only. In some 
cases the double halide can be made by bringing together the vapour of the one in 
contact with the other at a high temp — e g the alkali alumimum chlorides 

Some metal hydroxides are said to have acidic properties developed by contact 
with strongly basic hydroxides, for these acidic hydroxides — aluminium, chromium, 
lead — form salts only with the stronger bases The zmcates, aluxmnates, chromates, 
plumbates, etc., may he cited m illustration Similar remarks apply to the double 
halides — alu mini um chloride, for example — winch form double cllondes only with 
those chlorides which have strongly marked basic or acidic properties, and, with the 
exception of the zmcates, I Remsen argues that there is a formal analogy between 
the composition of the double halides and the oxy-salts — e g. NaA10 2 is parallel 
with NaAl01 4 ; A1P0 4 with AlPClg ; KXJr0 2 with BLCrCl 4 ; etc Hence, just as 
there are acidic and basic oxides, so there are acidic and basic halides In 1826 
P. A. von Bonsdorff 2 and P. F G Boullay independently emphasized this idea, 
which was not favoured by the leading authorities J. von Liebig (1827) and 
J J Berzelius (1829). The idea was taken up by R Hare (1840), who recognized 
the close analogy between the halides, the oxides, and the sulphides, so that what- 
ever be the power which makes two oxides of opposite chemical characters unite 
and form a neutral salt, this power also exists with the halides , and, just as the 
acidic oxides unite with water to form hydrogen salts or acids, so do i some of the 
acidic halides unite with the halide acids to form more complex acids. Compare 
the reaction. C0 2 +H 2 0=H 2 C0 s with SiF 4 +2HF=H 2 SiF 6 ; etc. Thus, the 
halogen acids hear the same relation to the double chlorides that water bears to 
the oxygen salts, and a halogen system of chemistry can be elaborated analogous 
with the more familiar oxygen system, which is even more striking than the analogy 
between the oxy- and the sulpho-salts. 

The act involved m the formation of the double halides is the same as that 
involved in the formation of the oxygen salts, and the products in the two cases are 
of the same general character ; two halogen atoms acting together in the double 
halides, play the same part as one oxygen atom in the oxygen salter. A. Naquet 
(1867) and W Gibbs (1867) used this idea to explam the constitution of the double 
hahaes , the latter supposed potassium in the acid salt, HF KF or HKF a , and m the 
analogous KOH, to be tprvalent. Q. W T Blomstrand, m 1869, gave a more probable 
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explanation He supposed tlie halogen to he tervalent, and explained, the con- 
stitution of MgCl 2 KC1 by the formula 01 Mg.Cl Cl K, and of K 2 PtCl 6 , by 

Cl. .Cl=d~K 
Cl> Pt< -Cl=Cl-E: 

C W. Blomstrand even assumes that three chlorine atoms can unite together 
forming a tervalent group , and, with this hypothesis, the constitutions of the 
compounds Cud 2KC1 (or CU 2 CI 2 4KC1) , K^CdClg ; and KBF 4 can be represented : 

Cu--Cl=CI-CJ<^, ^~^>C1-Cd-Cl<®|^. and *>B-F=FK 

The hypothesis that two ohlorme atoms can form a bivalent group (either 
— 01=01 — ox — Cl — 01 — ), was used to explain the constitution of ohloroplatinio 
acid by S M. Jorgensen (1877), and by J W Mallet (1881) to explain the 
formation of the double fluorides ; and by J. F. Heyes to explain the structure 
of the double halides. In 1889, Ira Remsen showed that the structure of most of 
the double halides can be explained on the hypothesis that the halogen atom has 
the power to unite with itself to form a bivalent gToup which can take the place 
of one oxygen atom m the oxygen salts. 

The various double halideB can be regarded as complex salts derived from 
corresponding complex acids For example, the salt KC1 Au01 s is regarded as a 
complex salt, KAuC 1 4 , derived from the complex acid, HAuCl* , and 2 AuCl s KC1 is 
regarded as a complex salt, KAu 2 C1 7 , derived from the complex acid, HAu 2 Cl 7 . 
A. Werner calls these acids liaiogeno-acids , and the corresponding salts katogeno-salte. 
According to his system, the chlondes : BF S KF , CdCl 2 4KC1 , CuCl 2KC1, and 
PtCl 4 2KC1, axe graphically symbolized : 



where the halogen atoms of the basio hahde axe bound to the central atom, so that 
the acidic hahde with the halogen atoms of the hahde act as an acid anhydride 
The names of the double halides axe accordingly altered to suit the name of the 
corresponding acids — which may or may not have been isolated The salt K 2 SlF 6 
is hence called potassium fluosihcate, and the corresponding acid, H 2 SiP 6 , hydro- 
fluosihcic acid , NagAlClg is sodium chloroalummate, similarly with the chloraurates, 
lodoplumbates, chlorozmcates, chloiomagnesates, lodohydrargyiates, etc. It is, 
however, also customary to speak of Na 8 AICl 6 as the double chloride of sodium and 
alu min i um , etc. According to A. Werner’s nomenclature, [ZnCl 5 ](NH 4 ) 3 is ammo- 
nium ^ pentachlorozmciate ; [FeCy 0 ]Na s is sodium hexacyanoferriate ; [Sh01 6 ]Cs 
is caesium hexachlorostibanate ; and [MnF 6 ]K 2 is potassium hexafluoromanganoate 
A Werner also includes the ammino-compounds or addition compounds of the 
halides with ammonia, and also compounds of the halides with water Thus, the 
compounds PtCl 4 .2NH 3 ; PtCl 2 2NH 8 ; and PtCl 4 2B^O are respectively symbolized ; 



The mixed halogeno-salts are represented : 

K”] 1 * [n£]n. [h*J [bJJk. [<>]* 

E. Defacqz ® prepared fluo-chlondes, fluo-bromides, and fluo-iodides of calcium, 
Btrontam, and barium— e g CaF 2 CaCl, ; 8rP 2 8rCl 2 , 0aP 2 .CaBr 2 , SrF 2 .SrBr 2 ; 
BaBr 2 BaF 2 , etc. Compounds of iodine trichloride with the metal ohlondes have 
been prepared by R. F. Wemland and F. Schlegelmiloh, and E Filhol ; antimony 
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fluoroiodides— (SbF 5 ) 2 I and SbP 5 I— and bromochlorides have been prepared by 
0. Ruff; and compounds of the iodides with sulphur dioxide by E. Pechard. 
Compounds of metafile chlorides with phosphorus pentachlonde, PCI 5 ; phosphoryi 
chloride, P0C1 3 ; selenium oxychloride, Se0Cl 2 ; and pyrosulphuryl chloride, 
S 2 0 6 C1 2s are known Many metal oxides and hydroxides unite with their respective 
halogen salts to form stable and definite oxychlorides, oxybromides, and oxyiodides. 
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* § 16. Perhalides or Polyhalides 

When iodine is dissolved m hydriodic acid or a soln of a metallic iodide, there is 
much evidence of chemical combination, with the formation of a penodide. 
A Baudmnont objected to the polyiodide hypothesis of the increased solubility 
of iodine m soln. of potassium iodide, because he found that an extraction with 
carbon disulphide removed the iodine from the soln , butS M Jorgensen showed that 
this solvent failed to remove the iodine from an alcoholic soln of potassium iodide 
and iodine m the proportion KI I 2 , and an alcoholic soln of potassium iodide 
decolorized a soln of iodine in carbon disulphide The hypothesis seemed more 
probable when, in 1877, G S. Johnson isolated cubic crystals of a substance with the 
empirical formula KI 3 by the slow evaporation of an aqueous-alcoholic soln of 
iodine and potassium iodide over sulphuric acid. There is also evidence of the 
formation of analogous compounds with the other halides The perhalides or 
polyhahdes — usually polyiodides — are products of the additive combination of the 
metal halides, or the halides of other radicles with the halogen, so that the positive 
acidic radicle consists of several halogen atoms The polyiodides have been investi- 
gated more than the other polyhahdes The additive products have often a definite 
physical form, and definite physical properties J J. Berzelius appears to have 
made the firBt polyiodide — which he called ammonium bin-iodide ; A Geuther 
called these compounds poly-iodides , and S M Jorgensen, super-iodides They 
have been classified 1 as 

(1) Metal periodides — eg. G S Johnson’s potassium and ammonium 
tn-iodides , etc 

( 2 ) Iodomum penodides — e g. C Hartmann and V. Meyer’s diphonyl- 
lodomum iodide, (CeHg^Ia , etc 

(3) Sulohonium penodides— e q J. H Kastle and H H Hill’s periodides of 
the benzene sulphonates ; etc 

(4) Periodides of the nitrogen family of elements in( hiding . 

( 1 ) Alkylammomum bases — e.g A Geuther’s totraethylammonium 

heptaiodide, N(C 2 H 5 ) 4 I 7 ; tetramethylammomumennaiodide, N(CH 3 ) 4 I 0 ; eto. 
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(ii) Phosphonrum and alkyl phosphonrum "bases — e g S M Jorgensen’s 
tetraethyl pliospliomum tri-iodide, and 0 Masaon and J. B Kirkland's 
tnethyl phosphonium penodide , etc. 

(in) Aisemum and alkyl ars omnm bases — eg A AT. Cahour’s tetra 
ethylarsomum tri-iodide , etc 

(iv) Stibomum and alkylstibonium bases — e g S M Jorgensen’s. 

(v) Quinoline perhalide of F. W Dafert , the perhalides of the vegetable 
alkaloids papaverine, hyoscine, atropine, hyoscyamine, etc , of B Pelletier 
and others , the tn-iodide of caffonrum of W A Tilden , etc 

When a relatively small proportion of bromine is dissolved in a soln of hydro- 
bromic acid, or a bromide, it is probable that a tnbromide is formed — say HBr 3 or 
KBr 8 — while if the soln be sat with bromine still highei bromides are formed In 
the case of potassium bromide, for example, the soln probably contains unknown 
amounts of KBr, KBt 3 , KBr B , and may be stall higher forms In 1829, C. Lowig 2 
noted that soln of the alkali bromides can dissolve relatively large amounts of 
bromine, and M. Berthelot showed that cold nearly sat. soln of the chlorides of the 
alkaline earths dissolved relatively large quantities of bromine, presumably owing 
to the formation of perbromides — e.g. BaBr^, F Boencke also inferred that the 
relatively high solubility of bro min e in potassium bromide soln means that most 
of the bromine exists as KBr 3j although some penta- and hepta-bromide is probably 
also formed. This conclusion has been confirmed by the solubility determinations 
of F P Worley, and J. M Bell and M L Buckley W Herz and W Paul also 
obtained evidence of the formation of mercuric perbromide, HgBr 4 , bromoiodide, 
HgBr 2 I 2 , and chloroiodide, HgCl 2 I 2 A F Joseph and J. N Jmendradasa found 
that when a. soluble bromide — of hydrogen, sodium, and potassium — is added to 
bromine water, the colour decreases until the concentration has reached normal, 
when any further addition has very little effect on the colour It is therefore 
assumed that the colour, at first due to free and combined bromine, is normal when 
the whole of the bromine is combined, and this corresponds with the formation of a 
tnbromide 

Hydrogen perhalides — The dark brown soln which is obtained by dissolving 
iodine in hydnodio acid in aq soln contains an unstable hydrogen periodide, HI I 2 
or HI 3 . The corresponding salts have been isolated — as polyiodides or penodides 
Similar remarks apply to the dark red liquid obtained by dissolving bromine m hydro- 
bromic acid-hydrogen perbromide, HBr 8 The heat of soln of bromine in hydro- 
chlorio add led M. Berthelot s to conclude that a hydrogen chlorobromide, HGUBr 2 , 
is formed. N. R Rjewskaja’s measurements of the vap press of soln of bromine 
in hydxobromio acid led to a similar conclusion, and that a certain proportion of the 
bromine is m the form of an emulsion E H Buchner and B. J Karsten found no 
indication of any compound m the fp curve of liquid hydrogen bromide and 
bromine , there is a eutectic at — 95° with a mixture containing five molecules of 
bromine to one of bromide , hence it is concluded that the hydrogen bromide and 
bromine unite together only in the presence of ionizing solvents, not m non-ionizing 
solvents. The increased Bolnbility of chlorine m hydrochlono acid has also led 
to the suggestion that a hydrogen perchloride, HC1 3 , is formed in aq. soln corre- 
sponding to the behaviour of iodine in hydnodic acid 

N. A E. Millon 4 found that when lead dioxide, Pb0 2 , is added to well-cooled 
and cone hydrochloric acid, but little chlorine is evolved, while lead chloride, PbCl 2 . 
and a yellow liquid are formed The liquid slowly evolves chlorine and contains lead 
in soln. Lead dioxide is precipitated when water is added to the yellow liquid It 
was therefore assumed that the liquid contains lead per chlonde, PbCl^, in soln , and 
A Guyard supposed that a soln. of iodine in potassium iodide contained potassium 
di-iod%de 3 KI 2 , because this soln. gives lead tetraiodide 3 Pbl 43 when treated with a 
lead salt. 

A study of the lowering of the f p of soln of iodine m potassium 
iodide or other iodides of the alkalies of alkaline earths, led M. le Blanc and 
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A A. Noyes 6 to the belief that the number of molecules in the soln is not changed 
by the addition of more iodine because polyiodides are formed : 

Y Osaka showed that the rise of the f p. which occurs when iodine in added to 
hydnodic acid or to aq soln of potassium iodide is proportional to the amount of 
iodine added, and is greater for hy dr iodic acid than for the potassium salt. Hence, 
the total concentration of the ions and of unionized molecules is decreased by the 
addition of iodine. A A Jakowkm inferred from the partition coefE of iodme in 
dil. soln that potassium tn-iodide was formed, and that with more cone soln still 
more complex polyiodides are produced. Still further, the change m the partition 
coefE. of iodine between aq soln. of potassium iodide and nitrobenzene led 
H M Dawson and R Gawler to infer that polyiodides as high as potassium ennea- 
lodide, KIg, are probably present m soln , although no such compound has been 
obtained m the solid state H L Wells and H L, Wheeler and others, however, 
have piepared several solid alkali polyiodides ; for example . 

Trzhahdes — lvl 3 , Rbl a ; Csl 3 , KICl a , CsICl a ; Hg(I 3 ) 3 , etc. 

Pentahalides — CsBi tta CsI B ; Li(IC 1 4 ) 4H fi O , Na(ICl d ) , Ca(ICl 4 ) 2 8H a O ; eta 
Heptahalides — ^N(CH 3 ,C 1 H B ) 3 I 7 , N(CH 3 ) 2 (C a H 6 )(G a H e )I 7 ; etc 
Enncahaltdes — N(CH 3 ) 4 I 0 , N(G a H B )(GH,) 3 I 0 , etc 


The tn-iodides may be regarded as salts of the perhalogen acids, but no hydrogen 
compound corresponding with the higher polyiodides have been obtained 

A solvent m which iodine is very soluble is needed for the formation of the higher 
polyiodides The lowest polyiodides are formed by saturating iodme soln. with 
potassium iodide, and the highest polyiodides hy saturating potassium iodide soln. 
with iodine. According to F Ohvan, 6 the solubility of the polyiodides is greatest in 
solvents with the largest dielectric constant Thus, ether, aniline, and the hydro- 
carbons dissolve no polyiodide, while the mtro-hy drocarb ons — nitrobenzene, o- and 
m-rutiotoluene, 771-nitroamsol, mtropentane — dissolve relatively large quantities, 
although they do not dissolve very much iodide. The highest polyiodide with 
ethyl alcohol, cyamde, acetate, and isobutyl alcohol is potassium ennea-iodide, KI 9 , 
and with mtromethane, potassium hepta-iodide, KI 7 

The investigation of the equilibrium constant K in the reaction KI+I 2 ^KI 3 
when 


„ [Kills] 


or 


R= 


PTM 

[I 3 T 


where the bracketed symbols represent concentrations m the one case according 
to the molecular and m the other according to the molecular hypothesis The 
values of K have been determined by A A. Jakowkm, H. M. Dawson, W 0 Bray 
and G. M J McKay, and others 7 For dil soln. of potassium iodide at 25° the value 
of K is nearly constant, 0 00136 ± 0 00005 , and for cono soln , at 25°, the value 
of X varies from 0 00150 to 0 00046 While for dil soln the constancy of K is m 
agreement with the assumption that the reaction is that postulated above, the 
deviation of K with the more cone soln is taken to show that the simple equation 
Kl+l2^KI s no longer applies, because higher polyiodides are formed in agreement 
with S Baup’s observation that iodine is precipitated when a cone, soln of iodine 
and potassium iodide is diluted with water. From the condition of eq uili bri um 
[KI][I 2 ]=0 00136[KI s ], it follows that m a soln containing 0 00136 mol of free 
iodme I 2 per litre, the concentration of the potassium iodide and tri-iodide will be 
the same O A Lmhart found for the equilibrium constants [Br 3 , ]=A 1 [Br / XBi 2 ], 
and [Br 6 , ]=/i 2 [Br 3 / ][Br 2 ] > the values 


X, 


0 ° 25 ° 

. 19 6 16 1 

- 2 08 1 23 


20 6 ° 82 6 ° 

15 9 15 5 

1 20 1 07 


The heat of formation : IgaoUd+I'aq = Vaq is —360 cals at 5° ; —2080 cals at 
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18 * , and —2780 cals at 55° According to G N. Lewis and M Randall, the free 
energy of formation of tri-iodide ion F-b^soiid — is — 12216 cals at 25°; for the 
tribiomide ion, Br'+Br 2 ==Br 3 '— 25247 cals 3 and for the pentabromide ion, Br s ' 
H-Br*=Br B ' —24400 cals G A. Linhart calculated for the heat of the reaction 
Br'+Br 2 aq =Br a ', —1290 cals , and for Br s / +Br 2a q =Bi 5 '— 3390 cals, from the 
equation h>g{KijK^)^Q{T^ — T^/RT^I^ 

The specific electrical conductivity s K of soln of potassium iodide and of 
similar soln sat with iodine expressed m reciprocal ohms is for soln containing n 
milligram molecules per litie 

Concentration, n . • • 100 60 10 1 

KI soln , K x 10° . . . 13080 6737 6 1423 147 9 

KI+I a soln , K X 10® . . 11490 6930 1200 131 7 

The lowering of the conductivity is not attributed to a change in the degree of 
ionization of the soln , but rather to the decreased mobility of the anions during the 
change from I' to 1%, At 25°, the mobility of the I'-ion is 76' 5 , and of the Ig'-ion, 
41 0 The diffusion constant of I s '-ionB t according to E Brunner, is 0 9 per sq cm. 
per day at 20°, that is, approximately the same as that of free iodine When 
iodine dissolves in potassium iodide soln , W C Bray and G M J. McKay calculate 
that there is an expansion of 0 2376 c c per gram of iodine or 60 31 c c per mol of 
iodine per litre of soln The colour of dil soln of potassium tri-iodide is yellowish- 
brown , which with increased cone becomes very dark blue, almost opaque, m thin 
layers dark red 

In R. Abegg and A. Hamburger’s experiments (1906) 9 a fairly cone. Boln of 
iodine in benzene was shaken with the alkah iodide , the latter is not perceptibly 
soluble m benzene If two solid phases — iodine and iodide, or two iodides — are m 
equilibrium with a soln of definite cone of iodine, and monoiodide is gradually 
added, iodine will be withdrawn from the soln , but the cone of the iodine 
m the soln will remain constant because iodine will be taken from the higher solid 
polyiodide until the system will contain only one solid phase Any further addition 
of the monoiodide will alter the cone of the soln until it is reduced to such 
an extent that a lower iodide makes its appearance when the cone of the soln 
again remains constant Hence it is possible to find the cone of the iodide in 
equihbnum with the monoiodide and a constant cone, of iodine Similarly, by 
gradually increasing the cone of the iodine higher polyiodides aie obtained until 
the limit ot saturation for iodine is reached, when iodine and the highest attainable 
polyiodide form the two solid phases The composition of the individual polyiodides 
is determined by analysis of the solid phases when the cono of the iodine soln is 
variable 

H W Foote (1903) studied the equihbnum in the system, caesium iodide, iodine, 
and water If there are four phases — two solid iodides, or a solid iodide and solid 
iodine, soln , and vapour — the system will be umvanant, and if the temp and press 
be fixed the solubility of the mixture will have one definite value for any one temp. 
Smce solubility vanes but slightly with variations of piess , the Bolubiities of the 
iodides under atm press, will not differ appreciably. Starting with a soln of 
caesium iodide in water at a fixed temp , and adding sufficient iodine to combine 
with part of the caesium iodide and form a polyiodide, the solubility will return one 
fixed value with successive additions of iodine until all the caesium iodide is con- 
verted into the first polyiodide With further additions of iodine, the solubility 
will ohange with the formation of a little of the next polyiodide, but it will preserve 
one definite fixed value as long as these two iodides are present Hence, if the sat 
solution retains a constant composition, it may be taken as proof that the solid 
iodides have not changed in composition without regard to their relative amounts ; 
when the composition of the Bat soln changes this may be taken as proof that one 
solid phase has changed By suitably varying the quantities of iodme and o cesium 
iodide in different soln., and measuring the solubility of each, H. W. Foote found 
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that caesium tn-iodide and caesium penta-iodide are the only caesium polyiodides 
which can exist in aq soln between — 4° and 73°. 

R, Abegg and A Hamburger (1906) obtained evidence of the existence of KI 7 , 
NB4I3, Rbl s , Rbl 7 , Rbl* Csl 8 , Csl 5 , Csl 7 , Csl 9 . The tri-iodides of potassium, 
sodium, and lithi um could not be obtained since their vap. press at 25° appears to 
be greater than that of iodine itself The vap press, of the solid alkali polyiodides, 
whose existence has been demonstrated at 25°, is indicated m Table XX The 
negative complexes I,'. I 6 ', I 7 ', and I 9 ' recall similar complexes m connection with the 
alkali polyBulphides The closer relation of potassium than sodium to rubidium is 


Table XX — Vapour Pressure op Solid Alkali Pclyiouidrs (Iodtne Unitv) 



I 3 

I 5 

i. 

*8 

Li ... 

_ 

_ 

_ 

. 

Na . 

— 

— 

— 

— 

K 

— 

— 

0 01 

— 

NH 4 . . 

0 053 

— 

, — 

— 

Rb 

0 020 

— 

0 63 

0*73 

Cs . 

0 003 

0 16 

0’1 6 

0 51 


shown by the formation of a heptaiodide of potassium but not of sodium or lithium. 
The tendency of the alkali metals to form polyiodides decreases with decreasing 
at wt from caesium to hthium Cs, Rb, NH4, K, Na, Lx, and the order of the 
Bolubihty of the corresponding polyiodides increases in the same order , similar 
remarks apply to the solubilities of the monoiodides m water expressed in mol of 
salt per 1000 gnus of water . 

Cs Hb mL t K Na 

Monoiodides . . .27 71 11 5 84 11 6 12 3 

F. Ephraim found that if T denotes the absolute temp at which the vap press, of the 
liberated halogen is equal to one atm , then for corresponding pairs of the cspsrnm 
and rubidium polyhalides, Tca/Tj^— 1 12 , and, if v denotes the at vol , T v * 
is the same for the two members of each series Given the dissociation temp, of 
the caesium compound, it is possible to predict the stability of the analogous rubidium 
compound F Ephraim extended the rule to the potassium compounds when the 
corresponding rubidium compounds are known 

C. K. Tinkler 10 found tbat neither a 0 001 -A-soln of iodine in water, chloroform, 
or alcohol, nor a dilute aqueous soln of potassium iodide gave any spectral absorp- 
tion bands, and only a little general absorption m the ultra-violet, the addition of 
various iodides — potassium, sodium, magnesium, barium, ca dm ium, al umi ni um , 
hydrogen, ammonium, or tetramethylamnioruum iodide — to a OOOJiV'aq soln. of 
iodine gave two absorption bands and a considerable general absorption The colour 
of the solution changed from reddish-brown to yellow, and similar spectra were 
obtained, probably because all the soln contain the same ion, viz Is', and the tri- 
lodides of all these bases are accordingly assumed to exist m aq soln Similar 
evidence of the existence of bromoiodides corresponding with HBrl^, and of chloro- 
iodides corresponding with HCII2, was obtained by adding 10dm e to hydrobromic 
acid or soln of bromides, or to hydro chloric acid, or soln of chlorides C K Tinkler 
also found similar results to obtain with the bromides and chlorides forming chlOTO- 
bromides. T 

The R Kremann and R Schoulz’s f p. curve 11 of mix tures of iodine with up to 
50 per cent of potassium iodide is indicated in Fig 19. According to R Kremann 
and R. Schoulz the curve falls from the f p of iodine, 113°, to a eutectic at 76° 
with 20 5 mol. per cent of potassium iodide , and there is also a eutectic at 77° 
corresponding with 50 mol per cent of potassium iodide. The curve rises to an 
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indefinite maximum between these two points, It is mfeired that the maximum 
represents a compound 2KI 3I 2 , % e KI 4 , in a highly dissociated state Tins is an 
example of a f p curve, discussed by R Kremann (1905), m which the maximum 
is very flat, and m which the eutectics solidify at about the same temp owing to 
the dissociation of the compounds concerned The m p of potassium tn-iodide 
reported at 38° is thought to he an error due to the presence of water. The f.p 
curve does not therefore establish the existence of potassium polyiodides under 
these conditions. This, of course, does not preclude the existence of other poly- 

iodides m aq soln or in equilibrium with soln 

jzo r-r — of iodine m other solvents F. Ohvari obtamed 

no indication of a penodide m the f p curve 

,f§ 0 f 10 dme and mercuric iodide , and if calcium 

^ \ penodide exists under these conditions, it 

^ too - -V must be greatly dissociated at the mp 0. L 

| q o \ Paisons and H P Corbssi 2 could find no 

C so v evidence of the formation of solid polyiodides 

^ o in aq. alcohol soln of iodine m potassium 

80 iodide, from the nse of the f p , the electrical 

a conductivity, and diffusion phenomena. They 

° so ™ so go attribute the increased solubility of lodme m 

Fig 19. — Freezing-point Curve of an iodide to the high solvent power 

Iodme-Potasmum Iodide, of the dissolved solid. Similar conclusions were 

diawn by C L Parsons and C F Whittemoie, 
and by J M Bell and M L. Buckley Measurements of the rate of diffusion of 
soln. through agar-agar ]elly give no evidence of the existence of polyiodides in 
dil or cone, soln , because the potassium iodide and iodine diffuse independently of 
any assumed combination between the two 

A Werner 18 regards thet nhalides as addition compounds, so that the trihahde 
RIC1 2 becomes [Cl I C1]R, dichlonodates on his system of nomenclature The 
pentahahdes are tetrachloroiodates analogous to the chloroauriatos : 


" Cl "I Cl ] 

Cl.Au.GR Cl. I. Cl I 

Cl J L Cl 


A Werner says that the hepta- and enna-halides can be explained on the assumption 
that the co-ordmation positions are occupied by iodine molecules The non- 
existence of the tn-chlorides, says A Werner, “ is to be attributed to chlorine being 
unable to act as a central atom. 3 ? 

There is some doubt about the existence of sub-halides — sub-chlondes, sub- 
bromides, and sub -iodides — containing less halogen than corresponds normally 
with a monobasic acid — Ag 2 Cl, AgBr, etc 
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CHAPTER XIX 

TEE OXIDES AND 0X7 ACIDS OF CHLORINE , BROMINE, AND IODINE 

§ 1. Chlorine Monoxide 

None of the oxides of chlorine can be prepared by the direct union of the two gases, 
but several oxides have been prepared indirectly They are all endothermal com- 
pounds In this respect, the oxides of chlorine bear the same relation to hydrogen 
chloride that hydrogen peroxide does to water Hydrogen chloride and water are 
formed from their elements with the loss of energy, and cannot therefore decompose 
spontaneously back into their elements, but hydrogen peroxide and the chlorine 
oxides are formed with an absorption of energy, and they are so unstable that they 
readily decompose spontaneously with the evolution of heat, and that sometimes 
with explosive violence The halogen oxideB are prepared by means of the so- 
called gekoppelte Reaktwnen ?- or coupled reactions, m which the energy required for 
their formation is obtained by the simultaneous production of other substances 
which liberate energy during their formation. 

In order that the free energy of one reaction may be available for the production 
of an endothermal compound, it is necessary that the two reactions be dependent 
on or coupled with one another If the two reactions are independent of one another, 
the free energy of the one reaction is not utihzable by the other, and it may act 
banefully by raising the temperature of the system If the chemical equation 
representing the two processes can be resolved into two mdependent parts, the 
reactions aTenot coupled — eg the reaction symbolized 3H 2 +202=2H 2 0-|-H20 2 , 
can he resolved into the two independent processes : 2H 2 +0 2 =2H 2 0 and H 2 +0 2 
=H 2 0 2 , for the one reaction is not conditioned by the other. 

When chlorine acts on mercuric oxide, HgO, brownish-yellow mercuric oxy- 
chloride, Hg 2 OCI 2j and chlorine monoxide, GL 2 0, are formed : 2HgO+2Cl 2 =Hg 2 OCI 2 
H-C1 2 0. In his Recherches sur la nature des combmaisons decolorantes du chlore, 
A. J Balard 2 first described the preparation of the gas by this reaction in 1834. 
J. L Gay Lussac filled a dry fl&sk with dry chlorine, and introduced a test tube 
filled two-thirds with a mercuric oxide and the remainder with sand The flask 
was closed and then well shaken. In a few minu tes, the chlorine gas was converted 
into half its volume of chlorine monoxide 

According to J Pelouze, chlorine monoxide is prepared by passing a slow current 
of cold and dry chlorine from the apparatus, AB, Big 1, through a glass tube, 0, 
containing a layer of cold and dry precipitated mercuric oxide winch has been 
previously heated for about an hour between 300° and 400° Ground-glass joints 
form the connections between C and D The tube C } which is about half a 
metre long, is cooled by immersion in cold water, and the issuing gas is passed 
through a |J~tube, A cooled by a freezing mixture to about — 20°. The gas 
condenses in the U-tube to a reddish-brown liquid. If freshly precipitated 
mercuric oxide he used, the chlorine acts too vigorously, forming mercuric chloride 
and liberating oxygen — maybe explosively. To Teduce the violence of the reaction 
J. L. Gay Lussac recommended mixing the mercuric oxide with sand, or potassium 
sulphate. If the mercuric oxide be in coarse fragments, or if it be the crystalline 
variety prepared by the oxidation process, the reaction is too slow. Accordi ng to 
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G Lunge and P Naef, if the tube C contains a layer of mercuric oxide about 25 
metres long, the issuing gas will contain 85 to 100 per cent of chlorine monoxide, 
and be almost free from chlorine For demonstration purposes, Y Meyer recom- 
mends collecting the heavy gas by tbe upward displacement of air. 

The properties ol chlorine monoxide. — Chloime monoxide is a pale orange- 
yellow gas with slight greenish tinge Its smell is not unlik e that of chlorine, but 
tbe two are easily distinguished The vapours attack the eyes and mucous mem- 
branes The vapour density determined by J Pelouze is 2*977, air umty , and 
according to K G. Thumlackh and G Scbacherl, 3 007. Tbe gas readily condenses 
to a reddish-brown liquid, which boils about 5° under 738 mm press Chlorine 
monoxide was found by S Goldschmidt to boil at 3 8° and 766 mm According to 
J. Pelouze, the hquid is very unstable and explodes very readily when shaken or 
poured , but according to S Goldschmidt, tbe hquid can he kept an indefinite time, 
at —80°, without decomposition K G Thurnlackh, however, was able to distil 
tbe hquid, and he attributed the various reports of its explosibihty to the presence 
of traces of organic matter K Schafer (1919), and D Gernez 3 (1872), have 
measured the absorption spectrum of chlorine monoxide , the latter found that with 
layers a metre thick, the spectrum resembles that of chlorine peroxide with absorption 
bands in the blue, indigo, and violet The heat of formation, according to 
J. Thomsen, is Cl a 4-0=C1 2 0— 17 929 Cals., and accordmg to M. Berthelot, —15 1 
Cals The heat of soln in a large 
quantity of water is 9 4 Cals per 
mol Both the hquid and the gas 
are very unstable According 
to J L Gay Lussao, the gas 
dissociates explosively by raising d 

its temp by electric sparks, and 
by exposure to light , but the 
last statement is denied by K G. 

Thurnlackh and G. Schacherl, 
who found that the gas did not 
sufier appreciable decomposition 
duxmg 15 minutes 5 exposure to the 
direct rays of the sun One volume Fig I —Preparation of Chlorine Monoxide 
of water dissolves 200 volumes of 

the gas at 0 ° — i e about three-quarters of its weight. The soln has a golden- 
yellow colour and behaves like an acid — hypo chlorous acid, HC10 The reaction is 
symbolized CI 2 O+H 2 O— 2H0C1 Hence chlorine monoxide is also hypochlorous 
anhydride. Mere contact of the gas with many oxidizable substances is attended 
by a violent reaction — e.g with paper, caoutchouc, turpentine, sulphur, potassium, 
phosphorus, finely divided charcoal arsenic, antimony, and many carbon compounds, 
it reacts explosively The metals form oxides, and chlorides or oxychlorides — silver 
forms silver chlonde and free oxygen, mercury reacts slowly forming the 
oxychloride ; arsenic forms the pentoxide and trichloride , although finely divided 
antimony spontaneously ignites m the liquid or gas, a lump of antimony retains its 
metallic lustre m the hquid Sulphui forms sulphur dioxide and sulphur chlonde, and, 
accordmg to A Wurtz, 4 with a soln of sulphur m sulphur chlonde at 10°, thionyl 
chloride, SOC12, is formed According to P. Schutzenberger, chlorine monoxide is 
absorbed by sulphur trioxide, forming red crystals of a mixed anhydride of sulphuric 
and hypochlorous acid , when a soln of chlorine monoxide m liquid sulphur dioxide 
is removed from the freezing mixture, chlonne is evolved, and thick red hquid is 
formed — the mixed anhydride of sulphuric and hypochlorous acid Carbon di- 
sulphide explodes with chlonne monoxide, forming, according to P Schutzenberger, 
thionyl and carbonyl chlondes ; and according to A J Balard, carbon and sulphur 
dioxides, sulphur chloride, and free chlonne A mixture of chlonne monoxide and 
hydrogen detonates when a flame is applied , and a mixture with hydrogen sulphide 
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or with ammonia also detonates The gas exerts no action on nitrons oxide. 
Hydrochloric acid forms free chlorine and water : C1 2 0 -f-2HCl=H20 +2C1 2 . 

Iodine absorbs the gas, forming iodic acid and iodine chlonde, and, according to 
P. Schutzenberger, an orange-red oxychloride, 10C1 3 , is formed. Phosphine 
detonates with chlorine monoxide , carbon monoxide forms phosgene and carbon 
dioxide Calcium phosphide causes the gas to detonate, similarly with the sulphides 
of barium, tin, antimony, and mercury Dry calcium chloride is not attacked by 
chlonne monoxide, but with the moist salt, calcium hypochlorite, Ca(0Cl) 2 , and 
chlorine are formed ; and if the action is prolonged, calcium chloiate, Ca(C 10 3 ) 2 a is 
produced 

The composition ol chlorine monoxide. — A J Balard and J. L Gay Lussac 
have established the composition of chlonne monoxide Pass a stream of chlorine 

monoxide through a capillary tube with, 
say, three bulbs as indicated m Pig 2. 

Heat the part of the tube ]ust before the 

bulbs so as to decompose the gas before it 
enters the bulbs The gas does not explode 
m the capillary tube The bulbs can be 
sealed off at A, B, 0, and D, and the con- 
tents of each analyzed The exit tower is 
packed with lime and glass wool to absorb 
the excess of chlonne. The free chlorine 
Fig. 2 — Charging Bulba with decompo- ^ oach bulb is absorbed by potassium 

sition produots of Chlonne Monoxide hydroxide. The results show that two 

volumes of chlorine accompany every one 
volume of oxygen* 2»C1 2 0=2 wC1 2 +w 02* Since, according to Avogadro’s hypo- 
thesis, equal volumes of these gases contam the same number of molecules ; and 
since both chlorine and oxygen have two-atom, molecules, it follows that chlonne 
monoxide has two atoms of chlonne per one atom of oxygen , or the formula is 
GljjnGft, where n has yet to be determined The vapour density of chlonne monoxide 
is 86 92 (H 2 =2) This corresponds with the molecule containing two atoms of 
chlorine and one atom of oxygen, and hence the formula of chlonne monoxide is 
written C1 2 0. 

J. L Gay Lussao ■ thought that he had prepared bromine monoxide , Br 2 0, by the 
analogous reaction between bromine and mercuric oxide, but W. Dancer showed that at 
100° with an excess of dry mercuric oxide, a Bobd is obtained which bleaches like chloride 
of lime, and with an excess of bromine the resulting solid does not bleach Much oxygen is 
given off m both reactions. The first-named product was supposed to contam some 
mercury hypobromite Moist mercuric oxide and bromine furnish hypobromic acid at 
about 30°, or else decomposes into oxygen and bromine Consequently, as H. Ditz has 
emphasized, there is no satisfactory evidence of the formation of bromine monoxide, or 
hypobromous anhydride , Br s O No corresponding iodine compound — iodine monoxide or 
hypoiodous anhydride, I 2 0 — is known. 
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§ 2. The Preparation of Hypochlorous, Hyp obromous* and 
Hypoiodous Acids 

The energetic action, of ohlonne on colouring matters which, was to its discoverer Schools 
merely an interes ting experiment became to Berthollet the basis of a new art A, J. BaLlARD 
( 1834 ) 

Bleaching has been practised from ancient times ; there are numerous allusions 
in the Scriptures to fine linen — white and clean Theophrastus (c 300 b.o ) said 
that lime was employed m the operation ; and there are numerous references in 
Pliny’s Be naturahs histona to the pre-eminence which white bnen enjoyed ; at 
Nero's court, for instance, it was esteemed above all other colours, and Pliny described 
how the Gauls and Britons of his time conducted the operation of bleaching. The 
goods to he bleached were spread in meadows, and thereby exposed alternately 
to moist and dry heat and cold, and to hght and shade, until, after a long time — 
six, seven, or even eighteen months — they were perfectly bleached. C. T. Kmgzett 1 
thus describes the old operation : 

The goods were steeped in watefr or hot dil alkalin e lyes, after which they were boiled 
in similar soln , which operation was known as bucking. This done, the goods were exposed 
to the air on the grass — crofting — and after they had been exposed sufficiently long, they 
were immersed in sour milk — souring — and the whole operations repeated as often as was 
necessary 

In bis memoir Be magnesia nigra , 1774, 0. W. Scheele 2 pointed out that the 
chlorine water he discovered possessed the property of bleaching vegetable colours. 
He said : 

Paper coloured with litmus becomes nearly white , all vegetable red, blue, and yellow 
flowers likewise become white m a short time ; the same thing happens to green vegetables. 
Meanwhile the water changes into weak but pure muriatic acid. The original colour of 
the flowers or of green vegetables could not be recovered either by the use of acids or 
alkalies 

In 1785, C, L Berthollet conceived the happy idea of applying C. W Schcele’s 
discovery of the colour-destroying properties of chlorine for bleaching purposes, and 
mentioned the fact to James Watt of engineering fame The facts were communi- 
cated by the latter to his father-in-law, a linen bleacher in Scotland At that time, 
the Scotch bleachers were unable to produce so good results as were obtained in 
Holland and Elanders ; and the best goods were shipped from Scotland to these 
countries to be bleached and returned to Scotland as white linen — Hollands . J Watt’s 
father-in-law bleached 1500 yds of linen with chlorine wateT , the results were 
surprisingly good, but the fabnc rotted and was spoilt The handling of the 
chlorine was also prejudicial to the workmen James Watt communicated an 
account of the difficulty to C. L. Berthollet, who noticed that the addition of a little 
quicklime ox even calcium carbonate or magnesia to the chlorine water used for 
bleaching, removed the penetrating and objectionable smell of chlorine from the 
aq. soln without impairing its bleaching power He showed that the objectionable 
after effects could be avoided by the use of a soln. of chlorine m an alkaline lye ; 
and that the soln of the gas m potash lye — chlorinated potash — possessed great 
advantages in practice over the soln of the gas in water. The alkaline liquid not 
only dissolved more gas than water alone, but it possessed a higher decolorizing 
power than an aq soln Manufacturers eagerly welcomed the new process, which 
m a few hours produced results which previously occupied several months. 1 The 
new process, called the BerthoUean method , was soon adopted, and chlorine passed, 
as A. J. Balard puts it, “ from the laboratory of the chemist to the workshop of the 
arts.” About this time, 1786, the new bleaching process was introduced m several 
works, and it was the subject of many patents. 8 In 1789 the bleaching liquor, 
known as eau de Javelle , was manufactured at the Quai de Javelle and in 1820, 
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A. G Labairaque 4 prepared the corresponding chlorinated soda by saturating soda 
lye with chlorine, and this was called eau de Labairaque The teim ean de Javelle 
is now often applied to both liquids. 

The high cost of the alkalies employed m the manufacture of these bleaching 
h quids militated against the extensive application of the process ; and in 1789, 
C Tennant B patented the use of the much less costly lime, strontia, or baryta 
suspended m water m place of the alkali lye for “ neutralizing the oxymunatic 
acid” The patent was invalidated because of the prior use of milk of lime by the 
Lancashire bleachers for preparing bleach-liquor In 1799, however, C. Tennant 
obtained another patent for the use of diy hydroxides of the alkaline earths, and 
commenced the manufacture of bleaching 'powder by saturating dry calcium hydroxide 
with chlorine gas According to J, Mactear, m 1799-1800, 52 tons were made at a 
price of £140 per ton ; in 1805, 147 tons at £112 per ton ; m 1812, 333 tons at £60 
per ton ; m 1825, 910 tons at £27 per ton , and m 1870 925 tons at £8 10s per ton 
The output in Great Britain m 1910 was 110,000 tons ; and the world’s output is 
over a quarter million tons 

In 1785, at the time when chlonne was thought to be a compound — oxymunatic 
acid — C. L Berthollet 6 attnbuted the bleaching properties possessed by a soin of 
chlonne m the alkaline lye to the formation of a salt of oxidized muriatic acid — 
munates oxyg&nSs — in the liquor, but he was not very definite, for he added • elle 
ne doit Hre rc&ue qu'avec le vague qui se trouve dans la combmaison elle-mcme 
J. J Berzelius (1828) supposed the product of the action of chlonne on alkali lye 
to be a compound of the alkali chloride and chlorate , but m 1834, m his Rech&clies 
sur la nature des combinaisons dScolorantes du chlore , A J Balard showed that the 
bleaching qualities of the chlonnated alkali lye were due to the presence of the alkali 
salt of a new acid He said : 

The new acid is properly called hypochlorous acid t a name which recalls its analogy of 
constitution with hypo sulphurous, hypophosphorous, and other acids formed like it of one 
eq of their radicle and one eq of oxygen Its combinations are similarly called hypo - 
chlorites. 

A J Balard prepared an aq. soln of the acid, and isolated the anhydride — chlorine 
monoxide 

The preparation of the hypohalous acids. — The three hypohalous acids are 
hypochlorous acid, HOC1 , hypobromous acid, HOBr ; and hypoiodous acid, HOI 
The work of A A Jakowkin 7 makes it highly probable that a cold aq soln of 
chlonne decomposes, forming a mixture of hydrochloric and hypochlorous acids 
A A Jakowkm’s equation is Cla+^O^HCl-f-HOCl — a balanced reaction. 
This is evidenced by the fact that chlorine water reacts acid with litmus before 
it bleaches ; and the more volatile hypocMorous acid can be separated by distil- 
lation However, the amounts of the two acids present when the system is in 
equilibrium are very small W N Haworth and J C Irvine patented the prepara- 
tion of hypochlorous acid by passing ohlorme through a senes of bottles conta ining 
water together with a salt or oxide of copper, nickel, or cobalt to act as iC catalyst ” 
— 80 to 100 grms per 1 75 litres ; with copper oxychloride only 10 grms are needed 
It is claimed that the product contains 2 per cent, of hypochlorous acid which can 
be freed from the dissolved copper by precipitation or distillation If one of the 
products, say hydrochloric acid, be removed from the system * C1 2 +H 2 0 =f^HC 1 
+H0C1, the equilibrium is disturbed and the reaction proceeds in the direction 
needed to re-establish equihbnum If, for example, freshly precipitated mercuric 
oxide be present, the hydrochloric acid Teaots with the mercuric oxide for min g 
mercuric chloride, HgCl 2 , or mercunc oxychloride, Hg 2 OCl 2 . The hypochlorous 
acid is such a weak acid that it has practically no action on the mercuric oxide. 
The action of chlorine on water contaunfig mercuric oxide is therefore represented : 
HgO+H 2 0+2Cl 2 ^HgOl2+2HOCl, ox2Hg0+H 2 0+2Cl 2 =Hg 3 0Cl 2 +2H0Cl. This 
process was employed by A J. Balard. 8 The dear liquid can be distilled, the 
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hypochlorous acid collects in the first portion of the distillate, S, Reformat zky's 
directions for preparing the acid are 

Chlorine, derived from a mixture of hydrochloric acid and potassium bichromate m a 
1500 c o flask, is washed m water, and then led into a 500 c o flask containing mercuric 
oxide covered with five times its volume of water The flask is fitted with a stopper 
carrying an inlet tube reaching nearly to the bottom, and an exit tube connected with a 
fume chamber This flask stands m water cooled with ice. When the reaction is nearly 
completed, the mercuric oxide disappears The flask is agitated periodically. The soln 
of hypochlorous acid mixed with mercunc oxide, etc , is distilled ; the receiver should be 
connected with the fume chamber 

J S Stas employed silver carbonate in place of mercuric oxide : Ag 2 C 03 + 2 Cl 2 
+H 2 0^2AgCl+C0 2 +2H0CL M Martens used the hydroxide of zinc or copper. 
A W Williamson showed m 1850 that if chlorine be passed through water m which 
finely divided calcium carbonate is suspended, hypochlorous acid and calcium 
chloride are formed, and carbon dioxide is given off The hypochlorous acid can 
be distilled from the liquid In the cold, when there is not a large excess of calcium 
carbonate, A Richardson showed that the reaction can be symbolized : CaCOg 
+2Cl 2 +H 2 0=CaCl 2 +C02+2H0Cl If, however, the amount of carbonate 
decomposed exceeds one part m 30 parts of water (A. W Williamson), or if the 
soln of hypochlorous acid exceeds 4: per cent. H0C1 (A Richardson), calcium 
chlorate begins to form — presumably by the reaction 3H0C1==HC10 3 +2HC1 ; 
etc. As the amount of calcium chloride in the soln. increases the ratio of calcium 
hypochlorite to hypochlorous acid increases. If a soln of calcium chloride with 
the calcium carbonate in suspension be heated, calcium chlorate and chloride, 
oxygen, and free chlorine are formed — here, again, the hypochlorous acid is decom- 
posed into oxygen and chlonne gases A W. Williamson also used secondary 
sodium phosphate Similar results are obtained by treating aq soln of other 
salts — e g sodium sulphate, or feme, zinc, manganese, copper, or lead sulphate — 
with chlorine gas : Na 2 S0 4 +H 2 0+Cl 2 =NaCH-NaHS0 4 +H0CL 

According to S. Goldschmidt, aq soln with 25 per cent of hypochlorous acid can 
be prepared by distilhng a mixture of chlonne hydrate and yellow mercuric oxide 
under reduced press Attempts to prepare the anhydrous acid by distillation in 
vacuo and condensing the distillate at 0°, —20°, and —80° give the 25 per cent, 
acid in the first two receivers, and chlonne monoxide m the third vessel Hence, 
it is argued that the aq soln contains the two balanced systems : H0Ch=±H +001' ; 
and 2H0C1 t=^C 1 2 0+H 2 0 The latter system was investigated by determining the 
partition coefficient between the aq soln. and carbon tetrachloride The equili- 
bnum condition is so much in favour of the hypochlorous acid that an approximately 
0 2iWsoln contains but 0 02 per cent C1 2 0. The superior oxidizing power of hypo- 
chlorites m acid, as compared with alkaline soln is said to be due to the chlorine 
monoxide contained in the former, 

A. J Balard, 9 in 1821, also prepared liypobromous acid m a similar manner, 
namely, by the gradual addition of mercunc oxide of bromine water, and thoroughly 
shaking the mixture after each addition. Further, quantities of bromine and 
mercunc oxide can be added until the yellow fluid contains between 6 and 7 parts 
of HORr per 100 c c The mercuric oxide can be replaced by silver oxide, silver or 
mercuric nitrate, mercuric acetate, etc The soln with 6-7 parts of HOBr per 100 c.c 
decomposes at 30°, but more dil soln when distilled under ordinary atm press 
give a distillate of bromine followed by a straw-yellow fraction which is a dll. aq 
Boln of hypobxomous acid The decomposition is not so pronounced if it be con- 
ducted at 40° under a press of, say, 50 nrm of mercury. 

G Meillkre, and A Job and J Clarens prepared a soln of hypohromite, suitable 
for estimating urea m unne, by mix i ng eau de Jatelle with an aq soln of potassium 
bromide ; and A Fouchet mixed a soln of 42 gnus of sodium bromide, and 8 5 grms. 
of sodium chlorate made to 100 c.c. with water, with a soln of 50 c o of 
hydrochloric acid and 50 c c. of water j he then heated 30 c.c. of the first solution 
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to its b p , added 25 c c of the acid soln., cooled the soln. at once, and added, 
while cooling, 25 c c of sodium hydroxide soln. 

According to R L. Taylor, 10 a dil soln of hypoiodous acid is similarly prepared 
by shaking up a soln of iodine with freshly precipitated mercuric oxide . HgO+2l 2 
4-H20=HgI 2 +2H0I, and filtering A more cone, soln is obtained by using 
finely divided iodine m suspension, and this the more the smaller the gram-size of 
the iodine , the amount of hypoiodous acid formed also decreases as the proportion 
of iodine to water increases, and as the time occupied m shaking and filtering 
increases. A mixture of two parts of precipitated iodine m 1000 parts of water, 
when shaken for about a minute with mercuric oxide, gave 44-52 per cent of the 
possible amount of hypoiodous acid, and from 90-95 per cent of the total iodine m 
the soln. exists as hypoiodous aoid , and 5-10 per cent, as iodic acid, and a small 
trace of mercury. K J P Orton and W. J Blackmann obtained but a small trace 
of hypoiodous acid on shaking mercuric oxide, water, and iodine together , the 
iodine was virtually all transformed mto iodate E Lippmann goes so far as to 
state that iodine water does not act upon mercuric oxide, but the reaction is in- 
augurated by shaking up the mixture with a little amylene The hypoiodous acid 
immediately reacts with the latter forming lodohydrme C. J Koene prepared 
hypoiodous acid by shaking an alcoholic solution of iodine with precipitated mercuric 
oxide The pale yellow liquid so formed is rapidly filtered through asbestos or 
through a layer of mercuric oxide , it does not colour starch blue immediately, but 
only after standing a short time, when the liquid contains free iodine, mercuric 
iodide and iodate. It is assumed that hypoiodous acid is first formed . HgO+2I 2 
-fH 2 0=HgI 2 -f 2HOI, and that this immediately decomposes : 5HOI=HIO s 
-f2H 2 0+2I 2 According to R L Taylor, silver sulphate, nitrate, oi carbonate 
can be substituted for mercuric oxide, and with iodine water, these salts furnish 
soln which bleach indigo carmine soln faster than the soln obtained by the action 
of iodine or potash lye — probably owing to the catalytic effect of the dissolved 
silver salt. 

A hydrolysis analogous to that mdicated by A A Jakowkm occurs if cold water 
containing a little potassium hydroxide be treated with chlorine, both acids being 
neutralized by the alkali : ° 

■nr n , jHOCl , HOa+KOH=KOCl+H 2 0 

H 2 0+a 2 ^| HC] and m+K OH=KCI+H 2 0 

The net result of the reaction is represented . Cly+ 2K0H^KC1+K0C1+H 2 0. 
The product is therefore a mixed soln of the alkali chloride and hypochlonte If 
the current of chlorine be led mto a soln. of alkali hydroxide, only the chloride and 
hypochlorite axe produced so long as some hydroxide remains uncombined, pre- 
sumably because the excess of hydroxide drives back the hydrolysis of the hypo- 
chlorous acid: H0d+K0Hs=^K0d+H 2 0, and prevents the formation of free 
acid , even when chlorine equivalent to all the alkali hydroxide has been added, 
the hydrolysis is but small, and the soln is fairly stable , if, however, the current of 
chlorine be prolonged, the chlorine will be in excess, the alkali hypoohloxite will be 
hydrolyzed, and free hypochlorous acid will be formed the latter, bemg unstable, 
decomposes mto chloric and hydrochloric adds: 3H0C1=HC10 3 +2HC1 ; the 
free hydrochloric acid liberates more hypochlorous acid : KOCl+HCl==-KCl+HOCl, 
and this oxidizes more hypochlorite until all is changed to chlorate and chloride" 
The net result is that while soln of the hypochlorite with an excess of alkali are 
comparatively stable, in add soln., there is a* very slow conversion of the hypo- 
chlorite mto chlorate e g 3K0C1=2KC1+KC10 8 . Even with soln of hypo- 
chlorite containing an excess of alkali, however, there is a slow secondary or 
consecutive reaction which results m the formation of some chlorate. This 
Iao P Tocee ds ’with an appreciable velocity when the temp, is raised to, say, 

r an it is accelerated by exposmd to light. The decomposition into 
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chloxate ia also the more marked the greater the cone, of the B 0 ln.~e. 5 f. with 
sodium hypochlorite : 

Per cent. NaOH in original sola. • , * 8*6 12 0 27 3 

R»atio NaOCl * KaClO, 1 . 0*02 1 • 0 07 1 ■ 0 09 

This is interpreted by F. Forster and F Jorre (1899) to mean that the chlorine 
displaces hypochlorous acid from its salt NaC10+Cl 2 +H 2 0=Nad-+2H0Cl • 
and that the latter Teacts with more hypochlorite re-forming ohlorme and water, 
which thus appear to act catalytically : 2NaOCl+2HOCl==NaCl+Na01OB+Cl 2 +H 2 O. 
Small quantities of acid act on the hypochlorite, also slowly transform the hypo- 
chlorite mto chlorate, and the transformation into chlorate was not observed with 
hypochlorous acid alone. Chlorides, however, are transformed by hypochlorous 
acid mto chlorates A J Balaxd made the corresponding hypobromite in a similar 
manner, 11 and C. F. Schonbein made ammonium hypobromite by mixing bromine 
water with aq ammonia until the soln had a distinctly alkaline reaction Bromine 
thus appears to play a similar rdle towards the alkali hydroxides as does ohlonne. 
H Kretzschmar showed that an alkali hypobromite is the first product of the reaction 
between, say, a mol of bromine and a gram-eq of the hydroxide , but appreciable 
quantities of bromine and the hydroxide remain uncombmed, because the reaction 
does not proceed so far as with chlorine. The reaction : 2HOBr+NaOBr=NaBrOg 
+2HBr, prooeeds nearly a hundred times as fast as the corresponding reaction with 
hypochlorites, and it occurs readily in slightly alkaline soln. because of the greater 
hydrolysis of the hypobromites. Soln. containing not less than one-tenth an eq. 
of free alkali hydroxide, are almost as stable as hypochlorites , with increasing cone, 
of hydroxide, the tendency to bromate formation : 3Na0Br=NaBr0 3 -f-2NaBr, 
also increases, but the consecutive reaction* 2Na0Br=0 2 +2NaBr, is negligibly slow. 
The reaction: 3Na0Br=NaBr0 8 +2NaBr, is very slow m comparison with the 
reaction : 2H0Br+Na0Br=NaBr0 3 +2HBr. 

Enor to C. F Schonbem’s paper, Betfrage zur nahern Kenntniss des Sauer st offs 
und der emfachen Salzbildner (1861), it was generally believed that iodine reacts 
instantaneously with a soln of potassium hydroxide to form potassium lodate 
C. F. Schonbem treated aq. soln of iodine with alkali lye, and obtained a pale 
yellow liquid, with an odour recalling saffron, and which had bleaching qualities 
like the hypochlorites and hypohTomites Indigo, coc hin eal, and logwood colours 
are bleached, litmus is not changed. The solutions of hypoiodates also give a black 
precipitate on standing with cohalt salts , an immediate dark brown precipitate 
with manganous salts ; a brown precipitate with lead salts , and the immediate 
evolution of oxygen from hydrogen peroxide, exactly as do the hypochlorites and 
hypobromites The liquid soon loses its colour-destroying properties, and then 
contains a mixture of the alkali iodide and lodate The liquid lost its bleaching 
power more quickly at a high than at a low temp., and almost instantly when boiled 
It was therefore inferred that the formation of lodate is a reaction which occurs 
m two stages, and from the analogy between iodine and ohlorme, it was assumed 
that the intermediate product is potassium hypoiodate In the first stage . 
I2+2K0H=KI+K0I+H 2 0, and in the second stage . 3K0I=2KI+BH0 3 
M Berthelot noticed two distinct thermal phenomena attending the soln of iodine 
m potash lye : ( 1 ) there is a marked cooling effect for about a minute, which he 
assumes is due to the formation of the hypoiodite : 2 K 0 H+l 2 =H 20 +:KI+K 0 I , 
and (n) a heating effect due to the decomposition of the unstable hypoiodite into 
iodide and lodate ; 3K0I===2KI+KI0 8 

The rapidity of the change of hypoiodites to lodates is illustrated by m ixing 
* no 0, mi 8 To A-aoln. of iodine with 50 c c of a normal soln of sodium hydroxide 
at 0 • The theoretical yield would be —-iV-soln of hypoiodite In one minute the 
amount of hypoiodite in soln. is 5 per cent less than the theoretical, and in two 
minutes 26 per cent less. Less cone soln are a little more stable, for a ^.IV-soln. 
of hypoiodite remained unohanged for a few minutes in a yyiV-alkali soln at room 
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temp. A Schwicker’s measurements (1895) of the velocity of the reaction . SKOI 
~>KI0 3 -{-KI, show that the reaction is of the second not the third order. According 
to C, Casanova and L CaTcano, the reaction between iodine and water : H 2 0 
+I 2 ^HI+HI0, cannot be demonstrated because of the reversibibty of the reaction, 
but if the acids are fixed by means of an alkali, the formation of the hypoiodite is 
readily demonstrated If a few crystals of iodine be dissolved in 10 per cent potas- 
sium hydroxide soln , and a few drops be added immediately to a soln. of manganese 
sulphate, a dark brown precipitate of a higher oxide of manganese is formed ; whereas 
if the soln of iodine m the alkali lye be boiled and then added to the manganese 
sulphate soln., a white precipitate of manganese hydroxide is formed owing to the 
hypoiodite having changed to the lodate. Further, if alcohol be added to a cold 
solution of iodine m potash lye, yellow iodoform is precipitated, but if the iodine 
solution has been previously warmed, C M, van Deventer and J H. van’t Hoff 
find that the brown colour disappears and no iodoform is produced when alcohol is 
added, presumably because the first-named soln contains a hypoiodite, and the 
latter iodide and lodate J Bougault showed that the reaction is so rapid with 
sodium hydroxide that the formation of lodate is almost complete in a few minutes , 
the reaction is slower if sodium carbonate is used instead of the hydroxide ; and 
with sodium hydTocafbonate no lodate can be detected even after several days, 
but the presence of hypoiodite can be readily recognized 

According to A. Sohwicker (1891), if urea is added to a freshly prepared cone, 
soln of iodine in potassium hydroxide, there is a copious evolution of nitrogen, 
presumably by a reaction analogous with that involved when urea is mixed with an 
alkali hypobromite. Iodine monochloride gives a brown soln with water ; this does 
not at first blue starch, though it gives up iodine to benzene , alkaline soln of iodine 
monochloride colour starch blue, and redden benzene. Hypoiodous acid is probably 
formed which then decomposes into iodide and lodate or iodine and hydnodio acid 
According to E. Lenssen and J. Lo wenthal, 1 2 the reaction b et ween potassium hydroxide 
and iodine is reversible : 2EOH+I 2 ^KI +R0I+H 2 0, for the iodide and hypo- 
iodite so formed react to reproduce iodine and potassium hydroxide, as well as to 
form potassium iodide and lodate ■ 3KOI=2KI+KIO s . This explains how 
C. F Schonbem found that the colourless liquid obtained by the action of iodine 
on a soln of potassium hydroxide — even when the latter is in twofold excess — 
gives a blue colour with starch paste Like chlorine and bromine, therefore, iodine 
reacts with alkali hydroxides to form hypoiodites, and F Forster and K Gyr 
prefer the equation . I 2 +KOH^HOI+KI , the hypoiodous acid is hydrolyzed 
HOI +H 2 0^H0H+H0I, very much more than the corresponding hypobromite 
or hypochlorite Consequently, unless a considerable excess of the alkali 
hydroxide is present, the hypoiodite rapidly changes to the lodate : 2HOI 
+K0I=KI0 S +2HI With an excess of alkali hydroxide, the hypoiodite can be 
prepared free from to date It is also believed tbat hypoiodons acid is so weak that 
it can be ionized: HIO— H +10', as well aB HIO^I -f-OH', that is, hypoiodous 
acid is an amphoteric electrolyte. The conditions which favour the formation of 
lodate are (i) an elevated temp ; (n) high cone of iodide ; and (in) low alkalinity of 
the Boln 

Although hypo chlorous acid is formed when chlorine monoxide is dissolved in 
water : C 1 2 0 +H 20 = 2 H 0 C 1 , this process of preparing the acid is highly incon- 
venient ; and no corresponding monoxide of bromine or iodine is known. Hypo- 
chloious acid may, however, be obtained from its salts by the action of an acid or 
an acid salt For instance, I L. Gay Lussao 13 made a soln of the acid by gradually 
adding sufficient 5 per cent nitric acid to a htre flask containing some bleaching 
powder, so as to convert about half the lime into calcium nitrate, Ca(N0 3 ) 3 the 
mam products of the reaction are calcium nitrate, calcium chloride, and hypochlorous 
acid If much more nitnc acid is added, some hydrochloric acid is formed by re- 
action with the calcium chloride • CaCl 2 -f2HN0 3 =2HCl+Ca(N0 3 ) 2 , and this acid 
reacts with the hypochlorous acid producing chlorine and water H0C1+H0J 
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To avoid local super saturation, with nitric acid the liquid is constantly 
agitated during the addition of the nitric acid The clear liquid is then distilled. 
The hypochlorous acid comes over with the first portion of the distillate A soln, 
of eau de Javdle may be treated with nitric acid m a similar manner Instead of 
using mtnc acid, some other min eral acid may be used R Lauch recommended 
boric acid, smce a very great excess must be present before any appreciable quantity 
of hydrochloric acid is liberated 

A J Balard and J Kolb showed that the soln of alkah hypochlorite or of 
bleaching powder may also be distilled with the sulphates of magnesium, zinc, 
al uminium , or other metal which acts as a feeble base Calcium or alkah sulphate 
and a hypochlorite of the heavy metal is formed The latter is so readily hydrolyzed 
by water that the hypochlorous acid is obtained by distilling the soln A W William- 
son showed that hypochlorous acid is also formed by saturating a soln of bleaching 
powder or baryta water with chlorine gas, passmg air through the liquid m order 
to drive off the free chlorine, and finally distilling the liquid Carbon dioxide 
liberates hypochlorous acid from hypochlorites and hypobromous acid from hypo- 
bromites. W. Dancer made an aq soln of hypobromous acid by passing carbon 
dioxide through a very dil. soln. of a hypobromite and subsequently distilling the 
soln Hypochlorous acid can be prepared in a similar manner P. T. Austen 
liberated hypochlorous acid from bleaching powder by treating it with sodium 
bicarbonate Thus, A. Wohl and H Schweitzer treated a soln of 50 grms of 
sodium bicarbonate m darkness with chlorine, until a sample of the liquid when 
warmed with barium chloride no longer gave a precipitate of banum carbonate. 
The soln was continually stirred and cooled with ice during the passage of the 
gas. Solutions of the alkah carbonates also furnish hypochlorous acid when a 
current of chlorine is passed through them 14 According to T Seliwanoff , nitrogen 
chloride can be regarded as a tertiary amide of hypochlorous acid, and it 
furnishes this acid when treated with water T Seliwanoff 15 also reported 
the formation of hypoiodous acid along with lodyl succinamide, C2H4 (C0) 2 : HI, 
by the action of mercury succinamide on a dry soln. of iodine m acetic 
ether , and in the decomposition of iodyl acetamide, CH 2 .CJ0 NHI, by an excess 
of water. The organic nitrogen iodides of E Raschig — e g . NT 2 CH 3 , NI(0H 8 ) 2 ; 
etc — are regarded as amides of hypoiodous acid , and the iodides of the aromatic 
sulphuno acids of R Otto and J Troeger — eg 0,25802! — are regarded as 
mixed anhydrides of sulphurio and hypoiodous acids According to A Hantzsch, 
hypoiodites are produced during the hydrolysis of triazoiodide, N 3 I. E. D Chatta- 
way also found hypoiodites are formed m some of the decomposition which nitrogen 
iodide undergoes E Raschig also noted the mtermediate formation of hypo- 
biomous acid m the reaction between bromine and dimethylamine. 

Hypochlorous acid is also formed when a mixture of air and hydrogen chloride 
is passed through strong oxidizing agents — e g W. Odling 16 used a mixture of 
potassium permanganate or magnanese dioxide and sulphuric acid T. Eairley 
oxidized chlorine water with hydrogen peroxide . C1 2 4-H20 2 =2H0C1, and P Lebeau 
oxidized chlorine water with fluorine , C1 2 +E 2 +H 2 0=2HE+2H0C1 — ozonized 
oxygen is usually evolved by the action of the excess of fluorine on the water 
P Lebeau also prepared hypobromous acid by the action of the fluorine and of 
bromine fluoride on bromine water. And, according to E Eorster and K. G-yr, 
and A Skrabel, a mixture of iodic and hypoiodous acids is formed when dil 
hydriodic acid is oxidized by chlorine, bromine, ozone, potassium permanganate, 
hydrogen peroxide, etc. 
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§ 9 The Properties ol the Hypohalous Acids and their Salts 

Hyp ochlorous, hypobxomouSj and hypoiodous acids axe known only in aq 
Boln — the two former soln. are yellow m colour, the last is greenish or brown. 
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Hypochlorous add smells of the anhydride; hypoiodous acid smells of saffron 
or iodoform when m dil. soln and of iodine m oono soln The heat of f 01 mation 
is d_|_o+H+aq =HOCl aq +29 930 Cals according to J. Thomsen, or 31*6 Cals, 
according to M. Berbhelot J Thomsen’s value for hypobromons acid is 26 080 
Cals The heat of solution Cl 2 0+aq*=9 44 Cals and the calculated value of 
Br 2 0+aq =16*19 Cals., the heat of formation Br 2ga8 +0+aq =— 6 0 Cals. The 
heat of neutralization, NaOH aq +H0Cl aq =9 98 Cals and of NaOH a{l .+HOBr a n 
— 9 5 Cals M Berthelot gives for K 2 0 a n.+Cl 2 0 a q =9*6 Cals. K Schafer found 
identical absorption spectra with the alkali, barium, and ethyl hypochlorites ; 
and for alkali hypobromites The absorption spectra of hypochlorous and hypo- 
bromous acid were also observed W Bray and E L Connolly found the degree 
of hydrolysis of hypoiodous acid in aq soln , and at 25°, K, the equihbnum 
constant m I 2a q.+H 2 0=HI0+H +T is 3xl0“ 18 For the increase in the free 
energy of this reaction G X Lewis and M Randall found 17 1 Cals, at 25° ; 
and for IgoUci+i0 2 +iH 2 =JHIO aq .— 23 3 Cals at 25° ; and for the free energy 
of formation of HBrO m aq soln. — 19 739 Cals 

Cone, hypochlorous acid smells of chlorine monoxide, and has a caustic action on 
the skin ; when heated, it gives off a reddish-yellow gas, while the more dil acid at 
100° gives only a little gas Cone, soln of hypochlorous acid lose much of the acid 
on warming The soln also decomposes slowly in darkness, more Tapidly in light, 
and this the more rapidly the more cone and warmer the soln Bubbles of chlorine 
gas appear m the decomposing soln and chloric acid, HC10 3j is formed ; according 
to A. Popper, 1 in sunlight, traces of perchloric acid, HCIO^, aTe formed. The 
decomposition is very rapid in sunlight The rapid decomposition of hypoohlorous 
acid in sunlight renders it probable that the action of light on chlorine water results 
in the formation of the hypochlorous acid by hydrolysis • C1 2 +H 2 0=HC1+H0C1, 
and this is at once decomposed : 2H0Cl=2HCI+0 2 , so that the hydrolysis goes to 
completion, and leaves, as final products, hydrochloric acid, water, and oxygen. 
W. C. McC. Lewis found that both neutral and aq soln of sodium hypochlorite may 
be photochemically decomposed by the light from a mercury-vapour uviol lamp, 
the principal products of decomposition being sodium chloride and oxygen. The 
reaction cannot be brought about with measurable velocity by means of infra-red 
rays, the effective region being that of the visible and ultra-violet The reaction is 
approximately ummolecular, XaOCl->NaCl+0, meaning that this change is slow 
while the union of the oxygen atoms is rapid — since, in general, the slowest of a 
series of consecutive reactions determines the rate of the whole reaction. A soln. 
of the hypochlorite shows a marked absorption band m the ultra-violet, and the 
results favour GTotthus 5 law. L. Spencer further showed that the shorter* the 
wave-length, other things being equal, the more effective the decomposition, that 
is, the greater the velocity constant The temp coeff of the photo-reaction is 
small. The bleaching of linen by sodium hypochlorite is accelerated by exposure 
to the light of a uviol lamp rich m ultra-violet rays 

I. Bhadun found that the decomposition by heat is a bimolecular reaction ; at low 
temp the mam reaction is 2Na0Cl->2NaCl+0 2 , and a slight side reaction, 3Na010 
= 2 NaCl+NaC 103 ; at a higher temp., the latter is the mam reaction Soln. 
containing less than 5 per cent HOC1 can be distilled , the more cone soln decom- 
pose into ohLorme, and chloric acid, HC10 3 , and oxygen : 3H0C1=HC10 3 +2HC1 , 
followed by the reaction Hd+H0C1=H 2 0+Cl 2 , foT hypochlorous acid is decom- 
posed by acids, and with hydrochlonc acid and chlorine of both acids is set free, 
when warmed, hypochlorous acid not only furnishes chloric acid — HC10 3 — as 
indicated above, but it is also decomposed with the evolution of oxygen : 2H0C1 
=2HCl+0 2 . Fairly oonc soln of the hypochlorites decompose in a similar manner : 
3NaCl0=XaC10 3 +2NaCl, and when the system has become highly charged 
with chlorate, an independent side reaction sets in : 2NaC10=2NaCl+0 2 The 
evidence for this rests mainly on the observation due to I. Bhaduri (1896), that 
the amount of hypochlorite found to be decomposed after 3 hrs. heating at 100° 
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decreases with increasing concentration until a certain m i ni m uni value is reached, 
when the amount decomposed then increases with increasing concentration as 
shown in the diagram, Fig. 3. M. Bertholet’s value for the heat change is: 
3K0C1=KC10 3 4-2KC1+18 Cals. F. Giordani has also studied the conditions of 
the formation and decomposition of sodium hypochlorite. 

The velocity of the formation of chlorates, bromates, and iodates respectively 
from hypochlorous, hypobromous, or hypoiodous acid has been studied by 
A. Skrabal, E. L. C. Forster, H. Kretzschmar, C. Graebe, W. Bray, etc. 2 F. Forster 
and P. Dolch found that at 50° the conversion of sodium hypochlorite into chlorate 
is a reaction of the second order, presumably 2Na0Cl=NaC10 2 4-NaCl ; and this 
is followed by a bimoleeul&r reaction : NaOCl+NaC10 2 =NaCl+NaC10 s . The 
velocity constant of the first reaction is 0*00010 at 25°, and 0*0019 at 50°, while 
that of the second reaction is 0*0035 at 25°, and 0*050 at 50°. The temp. coefE. of 
the first reaction is 3*5, and of the second, 2*88. 

A. Skrabal has shown that in the case of hypoiodous acid in alkaline soln., 
probably an alkali hypotri-iodite , MI a 0, is formed, which reacts like free iodine ; and 
the velocity of iodate formation is determined by the rate of reaction between the 
hypotri-iodite and the alkali by which iodide and iodate are formed. The kinetic 
equation, dx[dt=k[KIO]-[I']/[OTL'], based on these assumptions fits the observa- 
tions of E. L. C. Forster. When the concentration of the iodine is small the reaction 
is of the second order, but the reaction is sometimes of 
the first order. The nature of the products are dependent 
on the velocity of the reaction ; the formation of the 
halogenate is accelerated by the addition of halide, and 
also of hydroxide. A. Skrabal found that the hypo- 
bromite reaction with a constant concentration of hy- 
droxyl ions is of the second order, and he believeB that 
the mechanism is analogous to that with hypoiodites, oi 
that the equilibrium, HBrO+H*+BrV^Br 2 +H 2 0, oi 
2HBrO+Br'+H v^HBraO-f-HgO, is rapidly established, 
u. • „ „ _ . „ and the observed velooity is determined by the decom- 

tration on the Decom- position of Br 2 or of the alkali hypotribromite, MBr ? 0 : 

position of Sodium Hy- into bromide and bromate. The velocities of formation 

pochlorite. of the halogenate from the hypohalogenite increases in 

passing from hypochlorous to hypobromous and tc 
hypoiodous acids in the proportion 1 : 3 X 10 4 : 3xl0 6 . The velocity constant, k. 
of the reaction : 3H0C1=HC103+2HC1, <fo/<ft=&[HC10] 3 , at 25°, is 0*0023 ; and 
for the corresponding reaction with hypobromous acid, k— 0*25 ; and with hypo- 
iodous acid k is very large. Still further, hypobromous acid, being weaker than 
hypochlorous acid, is more hydrolyzed in alkaline soln., and with hypoiodous acid, 
the hydrolysis is Btill greater. Consequently, hypoiodous acid is stable only when 
the soln. aTe very dil., or in the presence of a very large excess of alkali. 

The decomposition of hypochlorous acid or aq. soln. of the hypochlorites if 
particularly active in Bunlight, and in the presence of oxidizing agents ; but soln 
of alkali hypochlorites are more stable than the free acid, for they can be boiled 
without decomposition. Aq. soln. of the hypoohlorites decompose slowly with the 
evolution of oxygen even in darkness — but J. M. Kolthofl kept solutions two monthf 
in darkness without appreciable change — the reaction is faster in daylight, and 
faster still in sunlight. According to I. Bhaduri, the more refrangible the rays 
the greater the speed of the decomposition. There appears to be two consecutivt 
reactions : 3NaOCl=Na,C10 3 -f2NaCl, and 2Na0Cl=2NaCl+0 2 . The forme: 
prevails in the more cone. soln. of the hypochlorites, the latter in the more dil 
soln. . According to H. Fonzes-Diacon, the Javelle extracts lose very little of theii 
activity if exposed to light for four months in deep yellow bottles. According t< 
G. E. Cullen and R. S. Hubbard, soln. may be stabilized for use by the addition o: 
0*5 per cent, of borax, by the addition of I per cent, of sodium carbonate ; or o: 
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0 - 2 per cent of sodium hydroxide. The ready decomposibility of hypochlorous 
acid and the hypoch’orites is connected with the bleaching properties of these 
agents. Litmus, a soln. of indigo in sulphuric acid, etc., are decolorized. Like 
chlorine, and other oxidizing agents, hypoeb'orous acid colours diphenylamine blue. 
According to A. J. Balard, on electrolysis, hypochlorous acid gives no gas at the 
cathode, and at the anode it gives at first pure oxygen and later a mixture of oxygen 
and chlorine. 

M. de Mailman believes that when soln. of chlorine and sodium hypochlorite 
are mixed, the reversible reaction can be symbolized: Cl 2 +Na0Cl+H 2 0^2H0Cl 
-f-NaCl. Hypochloroas acid is so feeble in strength that the carbon dioxide of the 
air is sufficient to displace the acid from hypochlorites forming carbonates, e.g. 
P. T. Austen found a soln. of bleaching powder liberates the free acid when treated 
with sodium hydrogen carbonate, 3 NaHCO s ; and barium carbonate is precipitated 
from a soln. of baiium hypochlorite, and hypochlorous acid remains in soln. With 
an aq. soln. of calcium hypochlorite, calcium carbonate is similarly precipitated — 
chlomte gas is also evolved and some calcium chloride remains in soln. 4 Phosphoric 
acid behaves similarly. Oxalic acid is oxidized to carbon dioxide, and some 
chlorine is evolved ; sulphurous acid is similarly oxidized to sulphuric acid with 
very dil. soln. of hydrochloric acid, the free acid is obtained but with more cono. 
soln., hydrochloric acid is oxidized to chlorine : NaO C1+2HC1— N aCl +II 2 0 + 01 2 ; 
and similarly with dil. and cono. sulphuric acid-— in the former case, hypochlorous 
acid is liberated, and in the latter case, remembering that chlorides are usually 
present in the same soln., Na0Cl4-2H 2 SO4+NaCl=2NaHSO4+H 2 O-{-Cl 2 . 

Hypochlorous acid and aq. soln. of the hypochlorites are decomposed by 
oxidizing agents : thus with silver oxide : Ag20+2H0Cl=2Ag01+H 2 0+0 2 . 
In 1841, J. L. Gay Lussac 6 found that the addition of powdered pyrolusite augmented 
the speed of the reaction by which hypochlorous acid or hypochlorites decompose 
into oxygen, etc., and E. Mitscherhch found an evolution of oxygen even 
at 4°. T. Fleitmann based a process for the preparation of oxygen by warming hypo- 
chlorites with nickel, cobalt, copper, or ferric oxide — lead and bismuth peroxides are 
inactive. According to R. Bottger, barium peroxide does not decompose the hypo- 
chlorite soln., but it gives off half its oxygen. The metals by forming the oxides, 
act in a similar way, so that the hypochlorites should not he kept in contact with 
such metals — e.g. copper and iron ; lead has hut a slight action ; zinc no appreciable 
action. In the preparation of oxygen by T. Fleitmann’s process, a little nickel or 
cobalt nitrate soln. is added to water containing hypochlorous acid and the mixture 
warmed in a flask, oxygen is evolved : 2HOGl=2HCl-{-02- The cobalt salt acts as 
a catalytic agent. In illustration, 20 o.o. of soln. of bleaching powder containing 
the 'eq. 3T4 grins, of available chlorine at nearly 78° gave off oxygen at the rate 
of 0‘0018 c.c. per minute under conditions where a similar soln. containing a little 
cohalt nitrate eq. to 0'000047 grin, of cobalt gave off 010 c.c. of oxygen per minute. 
Consequently, the presence of the catalytic agent favours the reaction : 2NaOCl 
=0 2 +2NaCl, which proceeds without the formation of an appreciable quantity of 
the chlorate : 3Na0Cl=NaC10 3 “{-2NaCl. The mechanism of the reaction is 
generally supposed to involve the concurrent reactions corresponding with the 
transformations of the cobalt oxide, Co 2 0 8 , and peroxide, C04O7, such that Co 4 0 7 
-J-CaOCl 2 =CaCl 2 -4-2Co 2 0 3 -l-02. The cyclic changes of the cobalt oxide during 
the catalysis of the reaction are symbolized : CoaOs-^CoaC^-^^Og-^^Ov-^ etc. 
The reaction proceeds faster in the presence of acids and salts with an acid reaction, 
and it proceeds more slowly in the presence of alkalies or of salts with an alkaline 
reaction. The speed is augmented nearly threefold per 10° rise of temp. The 
speed of decomposition of the bleaching powder is that of a unimolecular reaction 
Buch as is symbolized : CaOCl 2 =CaCl 2 +0. 

G. F. Jaubert’s oxolith is a mixture of bleaching powder with one-third its weight of 
sodium peroxide compressed in the form of briquettes, whioh gives off oxygen in con- 
tact with water : Ca(0Cl)Cl-bNa 3 0 2 +H 2 0=2NaCl--bCa(0H) 2 +02. When oxygen 
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is prepared by this process, bleaching powder suspended in water is the usual Boutce 
of the hypochlorous acid. In illustration of the oxidizing action of liypochlorous 
acid, in alkaline soln., if calcium hypochlorite or bleaching powder be boiled with a 
soln. of lead acetate or nitrate in alkaline soln., a white precipitate of lead hydroxide 
is first deposited, this changes to yellow, orange, and finally puce-coloured lead 
dioxide, Pb0 2 . In symbols, Pb(N0 3 )2+2Na0H+Na0Cl=Pb0 2 +2NaN0 3 +NaCl 
+H 2 0 If basic lead acetate is used, there is no need to add the alkali hydroxide ; 
and if boiled in alkaline soln. with a manganous salt, manganese dioxide, Mn0 2 , or 
hydrated dioxide, MnO(OH) 2 , will be precipitated : MnCI 2 +NaOCl+2NaOH 
— MnO(OH) 2 +3NaCl. More prolonged boiling may give a green soln. of calcium 
manganate, or a pink coloured soln. of calcium permanganate, Ca(Mn0 4 ) 2 . According 
in T. Fairley, 6 when ozonized air is passed through a soln. of hypochlorous acid or a 
hypochlorite, perchloric acid, HC10 4 , or a perchlorate is formed ; and, according to 
G. F. SchSnbein, hydrogen peroxide reduces the hypochlorites, giving off a volume 
of oxygen eq. to twice that contained in the hypochlorite : KOCl+H a O a — KC1 
+H 2 O+O 2 , and on this G. Lunge has founded a method of evaluating hypo- 
chlorites from the volume of oxygen obtained when the Bample is treated with an 
excess of hydrogen peroxide. When treated with sulphur, hypochlorous acid, or 
hypochlorites, furnish sulphur chloride, chlorine, and sulphuric acid ; sulphur 
dioxide gives sulphuric acid and chlorine ; hydrogen sulphide (not in excess) gives 
sulphuric acid and free chlorine; and carbon disulphide gives carbon dioxide, 
sulphuric and hydrochloric acids, and, according to J. 0. Ritsema, 7 with hypo- 
chlorites in alkaline soln. : 8K(Xfi-bCS 2 +6K0H==2K 2 SO 4 -f K 2 C0 8 -f 8KCl+3H a O. 
F. Di^nert and F. Wandenbulcke find that in dil. soln. sodium thiosulphate and 
hypochlorite react 2Na 2 S 2 0 3 +5Cl 2 +5H 2 O=Na^S0 4 -|-8HCl+H2SO 4 -fNa. 2 S 4 O ft 
+2NaCl ; or 5NaOCl+3Na 2 S 2 O 8 +5H 2 O=2Na 2 SO 4 +Na 2 S 4 O 0 +5NaCl-KH 2 O ; 
but in the presence of acids, or even sodium hydrocarbonate, less thiosulphate is 
used : Na 2 S 2 0 3 -f- 4Cl 2 +5H 2 0=2NaHS0 4 -+-8HCl. Selenium is oxidized, forming 
selenic and selenious acids, and chlorine. Hypochlorous acid is not decomposed by 
carbon or carbon dioxide ; nitric oxide is oxidized to nitric acid ; phosphorus or 
phosphine gives phosphorous and hydrochloric acids, and a little chlorine ; the 
phosphorous acids are oxidized to phosphoric acids ; and phosphorus sulphide gives 
sulphuric, phosphoric, and hydrochloric acids and a little chlorine. Arsenic 
inflames with hypochlorous acid, forming arsenic acid and arsenic trichloride. The 
arsenites are oxidized to arsenates : K s As0 s +Na0Cl=K s As0 4 +NaCl, and in 
J. H. A. Penot’s process 8 for estimating hypochlorites in terms of the available or 
active chlorine, a standard soln. of alkali arsenate is added to the given soln. until a 
drop of the liquid no longer colours starch and potassium iodide paper blue. This 
shows that no more available chlorine is present. J. L. Gay Lussao has previously 
used, arsenious acid, A8 2 0 3) for the same purpose, but the use of the alkali salt 
prevents the escape of chlorine and is a safer process. J. H. A. Penot’s method 
is also used for bleaching powder whose commercial value depends on the pro- 
portion of available chlorine it contains. The amount of sodium arsenite used 
in the experiment is related with the bleaching powder by the following equation : 
Ca(0CI)Gl4-Na 3 Aa0 3 =Na g As0 4 -f CaCla, and the theoretical amount of Ca(OCl)OCl 
can therefore be readily computed. 

Example. —20 grms. of bleaching powder were made up with water to a litre, and 
25 c.c. were titrated with -foN -standard sodi um arsenite soln., i.e. a soln. of such a con- 
centration that 1 c.c. corresponded with 0 '00355 grm. of chlorine, After the addition of 
46 c.e. of the standard soln., a drop of the liquid being titrated gives no coloration with 
starch and potassium iodide. Here 46 x 0-00355 =0-1 63 grm. of available chlorine waa 
contained in 20 c.c. of the given soln. ; or 6 '5 grms. per litre of the soln., i.e. in 20 grms. 
of the sample. Hence the sample contained 32*5 per cent, of available chlorine. 

G. Blattner studied the action of metallic oxides on the alkali hypochlorites and 
on bleach liquor during 15-20 days. The oxides of cobalt, nickel, and copper 
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reduced the available chlorine of bleaching powder to chloride in 3 days ; ferric 
oxide acted more slowly ; lead and manganese oxides act very slowly ; rine oxide 
has no appreciable action. Similar results were obtained with eau de Labarraque. 
He also found that the stability of sodium hypochlorite soln. did not increase with 
alkalinity, concentration is alone of importance in this respect. Dry metallic oxides 
act more slowly than the freshly precipitated moist oxides. The metals act like 
the oxides. Copper is very injurious to bleach liquors, iron next, lead is but slightly 
affected, and zinc not at all. B. W. Gerland found that bleach-liquor prepared by 
Deacon’s prooess contains copper, and it also decomposes above 40°, much more 
rapidly than the bleach-liquor of Weldon’s process which is free from copper. The 
liquor also decomposes quickly in coppeT vessels. According to A. D. White, 
hypochlorous acid 9 slowly attacks strips of tin, copper, nickel, and cobalt, givirig 
off chlorine mixed with more or less oxygen ; with magnesium, hydrogen alone is 
obtained ; with iron and al uminium , a mixture of hydrogen and chlorine is formed. 
Iron is rapidly oxidized to ferric oxide, tin and copper form oxychlorides. 
H. P. Pearson found lead is acted upon almost as quickly as lead oxide, forming a 
brown lead dioxide. The evolution of hydrogen from magnesium and aluminium 
form so powerful an oxidizing agent as hypochlorous acid is noteworthy. When 
an excess of mercury is shaken with an aq. soln. of hypoohlorous acid, a brownish- 
yellow precipitate of mercuric oxychloride, HgO.HgCl 2 , is formed ; this is decom- 
posed by dil. hydrochloric acid, and mercurio chloride passes into soln. With 
chlorine water, mercury gives a white precipitate of mercurous chloride, HgCl, 
insoluble in dil. hydrochloric acid. Hence, the reaction can be used to distinguish 
between and even to determine quantitatively hypochlorous acid in the presence 
of free chlorine in soln., and it forms the so-called W. Walters 5 test. 10 Both chlorine 
water and hypochlorous acid form a precipitate when the soln. is shaken up with 
mercury until a drop of the liquid no longer colours starch and potassium iodide 
paper blue. The precipitate can he filtered off, washed, and treated with a slight 
excess of dil. hydrochloric acid. The mercuric chloride which passes into soln. 
can be detected by hydrogen sulphide, and its presence indicates hypochlorous 
acid ; the insoluble mercurous chloride represents the free chlorine. The mercurous 
chloride can be decomposed by boiling it with a soln. of sodium hydroxide. The 
filtrate when acidified with nitric acid and treated with silver nitrate soln., gives 
a precipitate of silver chloride. Hypochlorites behave differently from the free 
acid in that with mercury they form mercuric oxide and a soluble chloride : 
Hg+NaOCl=HgO ~f~NaCl. The hypochlorites have no action on gold or 
platinum; silver is slowly converted into the chloride, and, according to 
L. Soubeiran, a trace of silver oxide is simultaneously formed if finely divided 
silver is used ; but, according to A. J. Balard, silver oxide decomposes the 
hypochlorites with the evolution of oxygen as indicated above. 

The metal sulphides are converted into sulphates : CaS+4Ca(0Cl)Cl==CaS0 4 
+4CaCl2 ; thiosulphates are oxidized to sulphates ; Na 2 S 2 0 8 -b4NaOCl-{-H 2 0 
=2NaHS0 4 +4NaCl, and the lower oxides or salts of the metals are oxidized, e.g. 
ferrous salts are oxidized to ferric salts : 2FeS0 4 +HC10 +H 2 S0 4 =Fe 2 (S0 4 ) 8 
+HCl-j-H 2 0, so that by adding a known amount of ferrous salt to the given 
soln., the excess which remains unoxidized can be determined by titration with a 
standard soln. of potassium permanganate, or bichromate. The hypochlorites are 
transformed into chlorides by reducing agents — e.g. zinc and sulphuric acids. Iodine 
and the iodine chlorides form iodic acid and free chlorine, hydriodic acid is oxidized 
to iodic acid ; bromine forms bromic acid and free bromine ; hydrobromic acid is 
oxidized to bromic acid. Hydrochloric acid and hypochlorous acid, below 2° or 
3°, form chlorine hydrate. Aq. ammonia and hypochlorous acid give nitrogen 
chloride, free nitrogen, and chlorine. 

According to A. J. Balard, hypochlorous acid produces some chloric acid 
with the alkali chlorides ; F. Forster and F. Jorre say that hypochlorous add and 
alkali chloride form alkali chlorate: 3H0Cl+NaCl=NaC10 a +3HCl, and free 
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chlorine: HOCl-f-HCl=H 2 0-f-C] 2 . According to F. von Tiesenholt, there Is a 
reversible reaction : NaCl+HOCl^NaOH4~Cl 2 , and with 2 or 3 grins, of anhydrous 
calcium chloride dissolved in the smallest possible quantity of hypochlorous acid, 
there is an energetic development of chlorine, and a formation of calcium hydroxide; 
some chlorate is formed at the same time. According to J. L. Gay Lussac, hypo- 
chlorous acid at about 100° attacks metal chlorides with the evolution of chlorine and 
oxygen, and the formation of chlorates ; according to A. W. Williamson and J. Kolb, 
the metal chlorides are not attacked in the cold, and on warming the ohlorates are 
formed. Hypochloxons acid precipitates the higher oxides from the chlorides of 
manganese, tin, lead, iron, cobalt, and nickel ; and copper oxychloride from cupric 
chloride. Silver chloride decomposes the acid catalytically. 

According to E. and B. Klimenko, 11 each mol. of hypochlorous acid in the presence 
■ of potassium iodide and hydrochloric acid furnishes two gram-atoms of free iodine ; 
without the hydrochloric acid, one gram-atom of iodine ; and, according to T. Seli- 
wanoff, the alkali iodide furnishes the alkali hydroxide and iodine, and there is a 
reversible reaction between the iodine and alkali hydroxide. G. Lunge and 
H. Schappi represent the reaction by the equation : HOC1+ 2KI=KC1+I 2 +K0H ; 
accompanied by the slow reversible change : 6K0H+3I 2 =5KI+ICI0 8 + 3H 2 0 ; 
in the presence of hydrochloric acid, they represent the reaction : 2KI+HOC1 
-f'HCl=2KCl+I 2 +H 2 0 . an( i i n presence of chlorine : 2KI+C1 2 +HC1=2KC1 
-i-Ia+HCl, without a change in the acidity of the soln. Consequently, by adding a 
definite quantity of AMICI and potassium ipdide, and titrating the separated iodine 
with yftN-Na^Oa, and the excess of acid with baryta soln. , it is possible to determine 
hypochlorous acid and chlorine in the presence of one another. According to 
A. J. Balaxd, mercurous nitrate, HgN0 3 , is rapidly transformed into insoluble red 
oxyehloride, and the supernatant liquid rapidly loses its bleaching qualities and 
forms mercuric chloride. Silver nitrate soln. appears to form silver hypochlorite, 
NaOCl-f-AgN 0 3 = AgOCl +N aN 0 3 ; and this is immediately converted into a 
m i x ture of insoluble silver chloride and soluble silver chlorate : 3AgOCl— AgC10 s 
+2AgCl. As a result, one-third of the total chlorine is precipitated as silver chloride. 

Hypochlorous acid decomposes oxalic acid, cyanogen, cyanides, paper, and 
many other organic compounds. It reacts with the double ethylene bond, e.g. 
ethylene, CH 2 : CH 2 , forming glycol monocbloxhydxin, CH 2 OH.CH 2 Cl. Hypo- 
chlorous acid and the hypochlorites are regarded as important chlorinating agents 
in organic chemistry. J. von Liebig, 12 for example, showed that it converted ethyl 
alcohol or acetone into chloroform, CHC1 3 . It does not do so with methyl alcohol. 
The carbinol group is oxidized to formic acid : 4.C 2 H 5 OH+16Ca(OCl)Cl=13CaCl 2 
+3(HC00) 2 Ca+8H 2 0+2CHCl3. y. Cofman found that hypoiodous acid gives 
stable iodo-componnds almost instantly when treated with a phenol ; neither 
free iodine nor any other iodine compound acts in this way, and he uses it as 
a means of volumetrically determining the amount of this acid. 

The reactions of the hypobromites aTe closely analogous with those of the 
hypoohlorites, both in their mode of formation and in other reactions. The hypo- 
iodites also are similar, but they are extremely unstable, rapidly decomposing on 
warming into iodides and iodates. For example, hypobromous acid decomposes 
above 60° into bromine and hydrobromio acid, and if silver nitrate is present, 
silver bromate, AgBrO s , crystallizes out. With silver oxide, Ag 2 0, oxygen is 
developed, the solution becomes colourless, and silver bromide, AgBr, is precipitated. 
The hypochlorites or hypobromites serve as oxidizing agents for urea and ammonium 
salts. The latter are decomposed by a reaction symbolized by : 2NH4.Cl+3NaOBr 
=3NaBr+2HCl+2H 2 0 +N 2 . The volume of the nitrogen so obtained serves 
as a measure of the amount of ammonium ohloride in the soln. ; when bleaching 
powder is boiled with ammonia or an ammonium salt, a similar reaction occurs : 
2NH34'3Ca(0Cl)Gl==3H 2 0 -(-3CaCl 2 -j-N 2 . 13 Hypoiodous acid rapidly decomposes 
into iodine and iodio acid ; the decomposition is accelerated by the addition of 
iodides, by decreasing the concentration of acids in the soln., a-nd by reducing 
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agents. When warmed with silver nitrate the iodide and iodate are formed. 
Hypoiodous acid in presence of an excess of alkali, bleaches indigo soln. more 
strongly than chlorine or hypochlorous acid. Free hypochlorous acid 14 is a 
comparatively feeble oxidizing agent in comparison with its Balts, for the indigo 
is bleached only after it has been in contact with the free acid for a long time, 
but it is bleached immediately when a little alkali has been added to the acid. 
Soln. of hypoiodous acid to which a little free alkali has been added give a 
brownish-black precipitate with cobalt salts, a brown precipitate with manganous 
salts, a buff-coloured precipitate with silver nitrate. 

Constitution. — Hypochlorous acid, HO Cl, is a very weak acid despite the 
presence of the non-metal chlorine, which gives to hydrochloric acid, HC1, such 
powerful acidic properties. D. Yorlander, 1 ^ therefore, assumed that the constitution 
is not H.C1 : 0, since such an acid, would have a strength comparable with that of 
hydrochloric acid ; he considers that the chlorine of hypochlorous acid is polyvalent 
and unsatuxated, and accordingly writes the formula H0.C1. This, Bays he, is in 
accord with (i) its feeble acidic properties ; (ii) its ready oxidizibility to chloric 
acid ; and (iii) the ease with which it is decomposed — particularly into Cl and OH. 
The relation between water, hypochlorous acid, and chlorine monoxide is graphically 
shown by the formula : 

l>° Cl>° S>° 

Water. Hypochlorous add. Chlorine monoxide. 

J. Stieglitz has pointed out that in A. A. Jakowkin’s reaction : Cl 2 -fH 2 CMHOCl 
— {-H* -{-CF, part of the hypochlorous acid must form positive chlorine and negative 
chlorine ions in order to produce the neutral molecules Cl 2 and H 2 0. The ionization 
of hypochlorous acid — as an acid — will be HOCl^H'-fOCi' ; and as a base, 
HOCMOETO'+Cl*. There is also evidence that not only can hypochlorous act as a 
weak acid, hut it can also act as a weak base. The basic properties of hypochlorous 
acid are illustrated by the iodoso- and iodonium compounds. 1 ® 

E. J. Muller argues that the alkali hypochlorites are mixed salts of the formula 
M 2 0C1 2 , or M0C1.MC1, from (i) the similarity of the reactions between calcium 
hypochlorite, CaOC 1 2 , and the alkali hypochlorites ; (ii) the decomposition of 
calcium hypochlorite by sodium carbonate : Ca 0 Cl 2 ri-Na 2 C 03 ==CaC 0 3 +Na 2 0 Cl 2 ; 
and (iii) the action of sulphuric acid on hypochlorite is more of the character : 
Na 2 OCl 2 +H 2 S 04 =Na 2 S 04 +Cl 2 -fH 2 0 , than is the case on the assumption that 

sodium hypochlorite is constituted Na.O.Cl. K. Schafer prefers the formula Na<^. 

Uses. — The hypochlorites and bleaching powder are used extensively for bleaching 
cotton, linen, paper, pulp, etc. They are used as disinfecting agents — sewage, 
purification of water, etc. A soln. with 10 per cent, of available chlorine is said to 
be as effective as phenol. Soln. of hypochlorites — with their alkalinity neutralized 
with boric acid — have been used successfully in treating wounds. Hypochlorites 
are also used as oxidizing and chlorinating agents in organic chemistry. 17 
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§ 4. Bleaching Powder 

Bleaching powder has been the subject of numberless researches made with the object 
of arriving at its constitution, and it may be said that in spite of all these efforts, there is 
no other substanoe of equally simple composition regarding whose nature and composition 
ho much doubt prevails. — E. vonMeveh (1889). 

In 1815, L. G. Gilbert 1 noticed that thoroughly dried calcium oxide or hydroxide 
does not react chemically with dry chlorine, and similarly, in 1879, J. K. Weisberg 
showed that the same remark applies to dry barium or strontium oxide. The case 
is very different if moisture be present. With barium hydroxide two gram-atoms of 
chlorine axe absorbed per gram-atom of the bivalent haxium, and barium chloride 
and chlorate are produced so that if barium hypochlorite is formed as the first 
product of the reaction, it is immediately decomposed: 3Ba(0Cl) 2 =Ba(C10 3 ) 2 
-|-2BaCl 2 ; with calcium and strontium hydroxides, the reaction appears to be much 
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more complex, and probably also with barium hydroxide under conditions where the 
hypochlorite is not imm ediately decomposed. 2 The powder obtained by the action 
of chlorine on moistened slaked lime is called bleaching powder, chloride of lime, 
chlorinated lime , chlorure de chaux, Chlorkalk, Bleichkalk , Bleichpulver, etc. While 
quicklime absorbs very little chlorine, J. J. Welter, A. Morin, and J. Dalton 8 
showed that lime slaked with about half a mol. of water per mol. of lime absorbs 
about 32 per cent, of chlorine, and much more if more water is present. By carefully 
regulating the amount of water, G. Lunge and H. Schappi (1880) prepared a sample 
of bleaching powder with 43'4 per cent., and H. Ditz, one with 48*74 per cent, of 
active chlorine. In the latter case, a little water was added to the chlorinated lime 
and the product again exposed to the action of the chlorine. These operations were 
repeated a number of times until the lime was saturated. G. Lunge 4 gives the 
following analysis of a good sample of bleaching powder : 


Ultimate Analysis. 


Lime, CaO . 



. 39-89 

Available chlorine 



. 4313 

Chlorine as chloride 



. 0-29 

Water, H.O 



. 17-00 

Carbon dioxide 



. 0-42 


Calculated Promxxate Composition. 


2CaOCl s .H s O .... 82-65 

OaCO, 0-95 

CaCl a ..... 0"44 

Ca(OH) a 6 ‘80 

HjO 916 


with but a trace of chlorine as calcium chlorate. According to A. G. Labarraque, 6 
the rate of absorption of chlorine is hastened if the calcium hydroxide is mixed 
with about 5 per cent, of sodium, potassium, or barium chlorides or sulphates. The 
absorption of chlorine is accompanied by a rise of temp. ; by rapidly saturating 
lime with chlorine, A. Morin found the temp, rose to 119°, and most of the 
hypochlorite was converted into chlorate and chloride. 


The manufacture of bleaching powder. — Bleaching powder is made on a large scale 
bv the action of chlorine on slaked lime, Ca(OH) a . The lime is as pure as possible, and, 
after b eing sieved, is spread in 3- or 4-ineh layers on perforated shelves in a large chamber, 
then raked into farrows. Chlorine is lea through the chambers. At first the absorp- 
tion of chlorine is rapid, but it afterwards slows down. The lime is then turned over from 
tim e to tim e so as to expose fresh surfaces. After standing for 12 to 24 hours a shower of 
fine dust lima is blown into the chamber to absorb the excess of chlorine. The chlorine 
nsed should be cool and dry, and as free as possible from hydrogen chloride and carbon 
dioxide. Since the proportion of moisture in the system largely determines the percentage 
amount of available chlorine in the product, it is simplest to work with dry chlorine, and use 
limp, with about 28 per cent, of moisture. G. Lunge and BL Sch&ppi 8 found that dry 
chlorine with lime containing different proportions of moisture gave bleaching powders 
with diff erent amounts of available chlorine : 

Moisture in lime ... 6'5 13"6 24 "0 27'8 28*2 31’8 per cent. 

Av ail able chlorine . • .9'1 32 '3 40 ’7 43 '4 40 '4 36*8 „ 

H enc e the proportion of available chlorine increases as the proportion of water increases, 
and reaches a maximum when the lime contains 27-8 per cent, of water ; any further 
increase in the proportion of water lessens the proportion of available chlorine. The 
temperature of the lime in the chambers is kept between 30° and 40°, since the amount of 
active chlorine in the product is reduced if the temp, is above or below these limits. For 
example : 

Temp. . . . -17° 0° 21° 30° 40° 45° 60° 90° 

Active chlorine . . 2'3 19*9 35*5 40’1 41*2 40‘6 39‘4 4*3 

The process just described refers to the cone, chlorine of Weldon’s or the electrolytic pro- 
cess ; for the more dil. chlorine of Deacon’s process, the gas acts less energetically, and the 
lime is m eohani oally carried in a direction opposite to the stream of gas, so that the bleaching 
powder comes in contact with the fresh gas entering the chamber, and the gas which is 
almost exhausted comes in contact with fresh lime. 'The product is satisfactory if it 
contains between 37 and 39 per cent, of available chlorine. The yield of bleaching powder 
is about II times the weight of lime used. The powder is packed for storage and transport 
in har d wooden casks or mild steel drums, with lids not hermetically sealed, so as to prevent 
the vessels bursting explosively should the bleaching powder slowly decompose with the 
evolution of oxygen : 2Ca(O01)Cl=2CaCl a +O*. 
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The properties of bleaching powder. — A great many of the properties of 
bleaching powder, and particularly of the aq. soln., run parallel with those of typical 
hypochlorites. Bleaching powder is a white pulverulent mass which on exposure 
to air attracts moisture and carbon dioxide, and forms a pasty mass It has a 
peculiar smell, u nlik e that of chlonne ; the smell, says C. A. Winkler, 7 cannot be due 
to hypochlorous acid, because it is present after boiling soln with an excess of 
alkali, and cooling in an atm. free from carbon dioxide , but P. T. Austen has 
Bhown that alkaline soln. may contain the free acid. Bleaching powder slowly 
decomposes even in the absence of air, as is evident by the explosions which have 
been reported of bleaching powder confined in closed vessels 8 The decomposition 
is faster if the powder he exposed to air, heat, and light The powder does not keep 
so long m warehouses in India as it does in Europe, and the loss is greater m the 
summer than in the winter months. The shaking which occurs during transport 
also makes the powder decompose more quickly than if it is lying quietly m a daik 
dry place ; and consequently, the strength of the powder m available chlorine is 
guaranteed only at the port of shipment. J Pattmson 9 has examined the loss 
which occurs on storage, and found the active chlonne decreased from about 5 to 
10 per cent, during a year’s storage. According to C Opl, 10 if bleaching powder is 
mixed with an equal weight of dned calcium chlonde, it loses up to 60 per cent, of 
its available chlorine if kept two days m darkness L M Bulker and L. Maquenne 
made an intimate mixture of 60 parts of the bleaching powder with 40 parts of 
Glauber’s salt, and the resulting mixture of sodium hypochlonte and calcium sulphate 
was found to be very stable. 

According to G Lunge and H Schappi, 11 moist air at 80° deprives bleaching 
powder of much of its oxygen, but not of chlonne — calcium chloride and chlorate 
are formed, air also depnves the powder of oxygen. Air free from carbon 
dioxide sweeps out a httle hypochlorous acid from a soln of bleaching powder 
this acid is derived from the hydrolysis of the hypochlonte , ordinary moist 
air (containing carbon dioxide) first liberates from solid bleaching powder a mixture 
of chlonne and hypochlorous acid, and afterwards chlonne. In aq soln the 
action is similar. The carbon dioxide m the air unites with free lime, and the 
calcium chlonde which is present reverses the action liberating chlonne, for bleaching 
powder reacts with sodium bicarbonate: 2Ca(0Cl)Cl+NaHC0 3 ==CaC0 3 -|-CaCl 2 
+Na0Cl+H0CJ, and Na0Cl+NaHC0 3 =Na 2 C0 3 +H0Cl Hence, if this he 
correct, there is free mineral acid present m an alkaline soln. If this soln. be boiled, 
the hypochlorous acid decomposes into hydrogen chlonde and oxygen, and the 
former decomposes the sodium carbonate so that the escapmg gases are oxygen 
and carbon dioxide ; sodium hypochlonte under similar conditions gives no oxygen. 
If the sodium hypochlonte be treated with carbon dioxide, boiling the soln. then 
furnishes oxygen gas Most of the water can be expelled from bleaching powder 
at 160° ; a small proportion is lost at a red heat. H, Ditz made a bleaching powder, 
Ca0.Ca(0Cl)C1.2H 2 0, which lost a mol. of water m a desiccator over Bulphunc acid 
or in a current of dry air — free from carbon dioxide — at 100° , when further heated 
to 150°-180°, it lost oxygen, and at a strong red heat, it lost the other mol of water. 
According to C. Opl, bleaching powder yields chlorine : Ca(O01)Cl==CaO+01 2 , 
when heated in the absence of moisture, and if moisture is present, oxygen is evolved . 
2Ca(OCl)Cl=2CaCl 2 +0 2 , always with the simultaneous formation of chlorate. 
6Ca(001)Cl=Ca(C10 3 ) 2 -(-Ca5Cl2. He could not distinguish between the action of 
light and heat. An. aq soln of bleaching powder m sunlight gives a gas containing 
about 95 per cent of oxygen. The speed of decomposition in light and the amount 
of oxygen evolved is proportional to the intensity of the light. 12 According to 
A. Bobierre, bleaching powder loses its water and becomes pasty when heated to 
redness, forming calcium chlonde and chlorate , at a red heat H St. 0. Devi lie and 
H. Debray obtained 50 litres of oxygen from a kilogram of the powder. 

If the bleaching powder or the filtered soln be treated with very dll. nitric, 
hydrochloric, or sulphuric acid, just sufficient to neutralize the free and combined 



261 


THE OXIDES AND OXYACIDS OF CHLORINE, ETC. 


lime, hypochlorous acid, HOC1, is formed : Ca(0CI)Cl+HCl=CaCl 2 +H0Cl, and 
the soln. smells of hypochlorous acid hut not of chlorine The hypochlorous acid 
can be separated by distillation If an excess of acid be present, the hypochlorous 
acid is decomposed, forming water and chlorine HO Cl +HQ=H 2 0 -(- Cl 2 . Dry 
carbon dioxide has little or no action on dry bleaching powder, but with moist 
carbon dioxide at 70°, most of the chlorine is removed, although this gas has no 
action on calcium chloride According to R L. Taylor, 13 the action of carbon 
dioxide on bleaching powder — sohd or soln — ib like that of any other acid, for 
hypochlorous and hydrochloric acids are produced and these decompose one 
another with the evolution of chlorine. 

W. Odling 14 found that alcohol does not extract appreciable amounts of calcium 
chloride from bleac hing powder When bleaching powder is dissolved in water, 
it forms a strongly a lkalin e soln., and an insoluble residue is obtained, consisting 
almost wholly of calcium hydroxide, hut it was not possible to remove the last 
traces of the available chlorine by washing J F Persoz 15 stated that the insoluble 
residue contains a special bleaching compound which acts more destructively on 
vegetable fibre than does a soln. of bleac hing powder, hut, according to G. Lunge, 
Persoz’ s statement is wrong ; the damage is caused by the fine particles of the 
powder settling on the vegetable fibre and locally forming cone, soln., which trans- 
form cellulose mto oxycellulose The solution contains calcium hypochlorite, 
Ca( 0 Cl) 2 , the chloride, CaCl 2 , and the hydroxide, Ca( 0 H) 2 . — the amount of the 
latter corresponds with its solubility G Lunge’s analysis 16 of a soln. prepared 
from a good sample of commercial bleaching powder is equivalent to 


Grms. per litre 


Ca(001) a Cad* CafClOa), Ca(OH) a 

129 09 10 54 0-38 4-21 


G Lunge also gives a table of specific gravities of soln. of this sample of bleaching 
powder for different amounts of available chlorine in grams per litre : 


Sp gr. . , 1*0025 1 01 1*02 104 1*00 1*08 1*10 111 

Grms 01 . 1 40 6 58 11 41 23*75 35 81 49 96 61*50 68 00 


Bleaching powder which has been kept some time will contain more chloride and 
chlorate. The titre of available chlorine did not change appreciably when kept 
for 24 days out of contact with air and in the dark, hut a slight change was noticeable 
m 33 days. There was no appreciable loss after keeping 12 days open to air and 
in darkness, but a loss of about one-eighth of its strength m 33 days. Diffused day- 
light accelerates the decomposition of the solutions. The pink colour of the soln., 
obtained by leading carbon dioxide through a warm soln. of bleaching powder or 
other hypochlorite, has been attributed to manganese — as permanganate — and to 
iron — probably as calcium ferrate G E Davis 17 established the presence of 
manganese spectroscopically ; and T. L Bailey and P H. Jones obtained no pink 
coloration with soln free from manganese even when considerable amounts of 
iron were present. 

Whatever be the constitution of bleaching powder it is fairly certain that the 
aq extract contains the three compounds hydroxide, chloride, and hypochlorite 
in soln The existence of the hypochlorite is evidenced by the isolation of crystals 
of this salt by C T. Kingzett, L. T. O’Shea also argued that if the soln. contains 
a chlorohypochlonte, Ca(OCl)Cl, it will diffuse so that the ratio of the total chloime to 
oxidizing chlorine will remain 2 1 both in the diffusate, and in the original soln , 

whereas if the soln contains the two salts — hypochlorite and chloride — the one will 
diffuse faster than the other, and the ratio m question will not be the same m the 
diffusate and in the original soln. It was found that the diffused liquid was richer m 
chloride and poorer m oxidizing chlorine than m the original soln. , showing that the 
chloride diffused faster than the hypochlorite, and that if sohd bleaching powder is a 
compound of calcium hypochlorite and chloride, or of calcium chlorohypochlonte, it 
is decomposed by the action of water mto a mixture of the two salts. In addition. 
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M. Duyk Las shown that the hypochlorites are hydrolyzed in aq. soln : Ca(001) 2 
+2H 2 O^Ca(OH) 2 +2HOCl, so that a soln of bleaching powder with 0*02162 grnu 
of active chlorme in 10 c c. contained the eq of 0 002485 grin of free hypochlorous 
acid and 0 0110 gnn. of free lime ; on adding 100 c c of water the free hypochlorons 
acid and lime were increased to 0 008697 grm and 0 0137 grm. respectively ; and 
a further addition of another 100 c c., to 0 01629 grm and 0 0140 grm respectively. 
The hydrolysis is further confirmed by the removal of some of the hypochlorous 
acid by the passage of a current of purified air through the liquid. E. Forster and 
H. BischofE, and A Sieverts, also attribute the relatively higher bleaching action 
of soln of the alkali bleaching liquors prepared electrolytioally to the relatively 
large proportion of free hypochlorous acid they contain 

According to K. Thummel, 18 a mixture of equal parts of bleaching powder and 
charcoal explodes when heated in a closed vessel, and, according to H. G. de Claubry, 
sulphur in place of chaicoal acts in the same way. T L Phipson found that when 
exposed to hydrogen sulphide, the latter loses its smell the odour of chlorme appears, 
and sulphur is formed Hypochlorous acid is probably set free, and this reacts 
with hydrogen sulphide, forming sulphur and chlorme. 

Bleaching. — In bleaching by eau de Jar die or by bleaching powder, the preliminary 
treatment is often complex and is determined by the character of the material Various 
fatty or colouring agents may hare to be extracted by washing m hot alkali lye 
The washed fabric is steeped in a clear dil aq soln of the bleaching agent — chemicfcmg — 
and then soured by steeping m dil acid ■Hypochlorous acid is thus produced, and then 
free chlorine The free chlorine does its work within the fibres of the wet fabric In 
high-class goods required to be “ brilliant white,*’ the operations may have to be repeated 
a number of times. The bleachmg action of hypochlorous acid is generally stated to be 
twice as great as that of the chlorine it contains, supposing the latter were free 2C1 a +2H a O 
— 4HCJl-f-O a , 4HOC1 = 4HC1 + 20 x ; but it must be remembered that two atoms of chlonne 
are needed to form one molecule of HOC1, since an eq. amount of HC1 is formed at the 
same time 

The constitution of bleaching powder. — In the early days, C. L. Berthollet, 19 
J L Gay Lussac, and J. J. Berzelius assumed that the powder prepared by 
C. Tennant in 1798 by the action of chlonne on slaked lime is a compound of hme, 
CaO, with chlonne, mz OaOCl 2 , but after his investigation of the hypoohloritos in 
1835, A J Balard 20 concluded that bleaching powder is a compound or a mixture 
of calcium chloride, CaCl 2 , and calcium hypochlorite, Ca(0Cl) 2j mixed with an excess 
of calcium hydroxide Numerous attempts have been made to explain the nature 
of this product, and many contradictory statements have been made about what 
appear to be questions of fact Although it is generally agreed that calcium hypo- 
chlorite plays an important r6le, there is no universal agreement on the constitution 
of bleaching powder, probably because the attempt has been made to find a con- 
stitutional formula for an indefinite mixture, on the assumption that it is a 
chemical individual The mam discussions can be arranged under the following 
heads : 

(1) Formula based on the assumption that bleaching powder is a mixture of calcium 
hypochlorite and calcium chloride — It will be evident that bleaching powder cannot 
be the calcium salt of hypochlorous acid, Ca(0Cl) 2 , because the product would then 
furnish twice the amount of available chlonne actually obtained when it is treated 
with hydrochloric acid, in virtue of the reactions symbolized • Ca(0Cl) 2 +4HCl 
=0aCl 2 +2H 2 0^ + 2 CI 2 . Hence, A J Balafcd suggested that bleachmg powder is 
a mixture of chloride and hypochlorite, CaCl 2 +Ca(OCl) 2 J L Gay Lussac con- 
firmed Balard' a conclusion that bleaching powder is a mixt ure of eq proportions 
of calcium chloride and hypochlorite. Against this view, it is very probable that 
bleaching powder contains but little calcium chloride because : (1) Nearly all the chlonne 
can be expelled from bleaching powder by the action of carbon dioxide, but not 
from calcium chlonde. To get over this diffi culty, it has been suggested that 
possibly some reaction like that assumed by A J Balard takes place : C0 2 
+Caf0Cl) 2 ==CaC0 5 -h0aCl 5S +Cl 2 0, followed by Cl 2 O+CO 2 +CaCl 2 =0aC0 8 +2C] 2 . 
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(2) Calcium chloride is very deliquescent, bleaching powder is not (3) Calcium 
chloride is readily dissolved by alcohol, whereas an alcoholic soln of bleaching 
powder contains but very small quantities of calcium chloride. (4:) When bleaching 
powder is treated with successive small quantities of water, the first washings 
contain much less calcium chloride than would be the case were calcium chloride 
present as such m the powder (5) Bleaching powder made by mixi ng calcium 
hvpochlonte with sufficient calcium chloride to furnish the same percentage amount 
of bleaching chlorine as commercial bleaching powder, when treated by moist carbon 
dioxide gives off an amount of chlorine corresponding with the hypochlorite only, 
whereas the commercial "bleaching powder parts with 80 per cent, of bleaching 
chlorine Hence it is inferred that bleaching powder is not a mere mixture of 
calcium hypochlorite and chloride, but rather a compound of the two, viz Ca(OCl)CL 

However carefully prepared, bleaching powder alioays contains an excess of 
lime ; at any rate, a deposit of slaked lime is always found as a residue when bleaching 
powder is extracted with water Smce the available chlorine in commercial bleaching 
powder usually ranges between 36 and 38 per cent , and under the very best con- 
ditions a maximum of about 43 5 per cent of available chlorine is taken up, it is 
inferred that the calcium hydroxide, Ca(OH)2, is not completely sat with chlorine, 
and that calcium hydroxide is present — either free or combmed 

(2) For mules based on the assumption that bleaching powder is a double salt of 
calcium chlonde and hypochlorite, — As emphasised byK Kraut, 21 the non-deliquesccnt 
character of bleaching powder may of course mean that the calcium chloride and 
hypochlorite are united to form a double salt, CaCl 2 Ca(OCl) 2 , which has not quite 
the same meaning as the simplified formula, Ca(OCl)Cl, hut is rather analogous 
with the non- deliquescent double salt of calcium chloride and acetate, 
CaCl 2 (CH 3 000) 2 Ca 5H 2 0 Mol wt determinations are not available Attempts 
to decide between these two formulae — CaCl 2 Ca(0Cl) 2 and Ca(0Cl)Cl — by the extrac- 
tion with solvents have not been successful, because the solvent may react with the 
compound — e g W von Tiesenholt noted that when bleaching powder is shaken up 
with carbon tetrachloride, two powders of different density and with a different pro- 
portion of active chlorine are formed , the same thing occurs when alcoholic chloroform 
reacts with the hypochlorite Similarly, the fact that carbon dioxide drives most of the 
chlorine may mean that the hypochlorous acid hydrolytically dissociated or expelled 
from its salts by carbon dioxide attacks the chlorides yielding chlorine and the 
free base or a carbonate, MC1+H0C1=M0H+C1 2 E. Eorster has obtained direct 
evidence of the reaction : NaCl+6H0Cl=NaC103+3H 2 0-|-3Cl 2 , and W. von Tiesen- 
holt found that a soln containing equimolecular proportions of calcium hypochlorite 
and chloride gives off more chlorine than would be furnished by calcium hypo- 
chlorite alone. A Thiel, however, points out that W. von Tiesenholt’s conclusion 
does not follow from his experiments, for they only show that when bleaching powder 
is dissolved in water, a mixture of the chloride and hypochlonte is formed. 
W von Tiesenholt later showed that chlorine is expelled from moist artificial 
mixtures of the solids at a temp between 40° and 100° Hence, the expulsion of 
chlorine from bleaching powder does not decide m favour of the mixed salt, Ca(OCl)Cl, 
against the double salt, CaCl 2 Ca(OCl) 2 H Ditz, however, has shown that 
W von Tiesenholt’s formula does not account for the loss of water whioh occurs 
when bleaching powder is heated to 100° m a stream of dry air, free from carbon 
dioxide, and the loss of oxygen on further heating to 150°-180° 

(3) Formulm based on the assumption that bleaching powder is a hydroxyhypo - - 
chlorite . — In 1859, P A Bolley 22 suggested that the caloium hydroxide of bleaching 
powder is mixed with it m a mechanical way, and it represents the cores of the 
granules which escaped chlorination by being encrusted with bleaching powder 
proper R Fresemus and E. Rose suggested that bleaching powder is a hydrated 
oxychloride and hypochlonte Ca(0Cl) 2 CaCl 2 2CaO 4H a O This would mean 
that bleaching powder can contam as a maximum 32 per cent of available chlorine, 
although if, as K Kraut suggested, the basic ohlonde or oxychloride be CaCl 2 CaO, 
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the theoretical proportion of available chlorine would approximate closer to the 
observed value, but would still be less than the maximum obtainable J. Kolb 
suggested the formula: 2CaOCl 2 H 2 0.Ca(0H) 2 , and assumed that the double com- 
pound is split by water into insoluble calcium hydroxide, and soluble calcium 
hypochlorite, but the formula gives a maximum of 38 7 per cent of available 
chlonne — less than the observed value 0 Stahlschmidt suggested the formula : 
2Ca(HO)(OCl)CaCl2 2H 2 0. In order to make the assumption it the facts, it is 
supposed that the basic calcium hypochlorite, HO.Ca OC1, invented by 0 Stahl- 
sc hmi dt is not attacked by chlonne, and is decomposed by water into calcium 
hypochlorite and hydroxide: 2Ca(OH)(OCl)=Ca(OCl) 2 +Ca(OH) 2 C Stahl- 
schmidt’s formula * 2Ca(OH)OCl CaC^E^O, required a maximum of 39 per cent 
for the available chlorine — this is less than the observed maximum ; the presence 
of calcium chloride, CaCl 2 , is an assumption which cannot be granted In 1884, 
E Dreyfus based some arguments for 0 Stahlschmidt' a formula on some experi- 
ments which G- Lunge and R Schoch showed to be erroneous. 

(4) Formula based on the assumption that bleaching powder is a chloroperoxide — 
In 1803, C L Berthollet suggested that the composition of bleaching powder 
corresponds with the formula CaOCl 2 , and many chemists have accepted a similar 
formula, hut with different interpretations Eor example, N. A. E. Millon 23 
regarded bleaching powder as a kind of peroxychlonde, 0 . Ca . Cl 2 , 0. Gopner, 
(CaO)Cl 2 ; E Richters and G. Juncker, W. Wolters, and C Opl likewise 
maintain that although bleaching powder and its soln both contain the com- 
pound CaOCl 2 , this is not a mixture of hypochlorite and chloride. J Mijers, 24 
like N. A E Millon, assumes a peroxide formula, and represents the formula by 
Cl 2 — Ca=(OH) 2 , on the assumption that the calcium atom is quadrivalent This 
formula may also he regarded as a monohydrate of W, 0 tiling's Cl— Ca—OCl. 
N Tarugi also considers bleaching powder to be a chloride of calcium peroxide, 
because when dehydrated lime is left exposed to the air, it exhibits a peioxide 
reaction — colouring tincture of guaiacum blue; ether and chromic acid, blue; 
and ferrous sulphate and potassium thiocyanate, Ted. He considers that bleaching 
powder is therefore Ca0 2 Cl2 H 2 0, corresponding with a maximum of 44 09 per cent, 
of available chlonne ; with its action of meroury on bleaching powder : Ca0 2 Cl 2 
+Hg=Ca0 2 +HgCl 2 ; and with the fact that in order to get the best quality of 
bleaching powder free oxygen is necessary. H. Ditz, however, contradicts several 
of N Tarugi’s statements 

(5) Formulae based on the assumption that bleaching powder is a chlorohypo - 
chlonte — W Oiling 26 suggested that when chlonne is allowed to act upon a 
bivalent base — say, calcium hydroxide, Ca(0H) 2 — a molecule of each of the two 
monobasic acids — hydro ohlonc and hypochlorous acids — formed by the action of 
chlonne on water, is neutralized by one molecule of the base, and what seems to be 
a mixed salt is formed : 


^ > OH i HOCJ1 « yOCll I nrr a 
0a< 0H+H01 =Ga <Cl + 2H *° 

W. Odhng, therefore, regarded bleaching powder as a mixed salt — hypochlorite and 
chloride. • Against this view, K Kraut cited the formation of hthia bleaching 
powder, but G. Lunge and P. Naef showed that Hthia bleaching powder is funda- 
mentally different from lime product. 

E. Schwarz found that the bivalent bases baryta and strontia give compounds 
analogous in properties with that from lime. Baryta bleaching powder is very 
unstable, while strontia- bleaching powder is more stable and is readily prepared 26 
G. Lunge has further shown that the various properties of bleaching powder are 
best co-ordinated by assuming that the active agent is the mixed Balt formulated 
CLCa 001 by W . Odhng This view is further confirmed by L. Limpach, L T O’Shea, 
E. Schwarz, etc. After washing samples of bleaching powder with alcohol to 
remove calcium chloride, L. T. O'Shea determined the ratios indicated below, and 
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compared them with the values computed for other formulae He found W. Odhng’s 
formula alone gave results m accord with observations . 

CaO Total Cl Available Cl Total Cl. CaO Available a. 

Observed ... .12 12 11 

Calculated Stahlschmidt — Ca(OH)Cl 11 1:1 11 

„ Gay Lussac — Ca(OCl) 2 * 12 1:1 1.2 

„ Odlmg — Ca(OCl)Cl . 12 1:2 1:1 

E Schwarz assumes that the fundamental reaction is : Ho 0 H- Cl 2 v=^H Cl +HO Cl . 
So long as an excess of free lime is present, the reaction is merely one of neutraliza- 
tion, but as soon as the lime is used up, the excess of hydrochloric acid liberates 
hypochlorous acid from the bleaching powder, and this in conjunction with the 
hypochlorous acid formed by the action of chlorine on water oxidizes the undecom- 
posed hypochlorite to chlorate The excess of chloride always found in com- 
mercial bleaching powder is mainly derived from the hydrogen chloride present m 
the chlorine used If an excess of water is present, the hypochlorite is hydrolyzed , 
When treated with carbon dioxide synthetic bleaching powder prepared by the 
action of chlorine monoxide on calcium oxide in the presence of moisture gives up 
less chlorine than the product obtained by the action of chlorine on slaked lime. 
This is supposed to be explained by the assumption that the former is a mixture of 
calcium hypochlorite and chloride, whereas the latter is a mixed salt, CaCl(OCl). 
H Ditz 27 considers that commercial bleaching powder is not a homogeneous 
chemical individual, but rather a mixture formed by a series of reactions, the first 
of which is represented 2Ca(0H) 2 +Cl 2 =H 2 O CaO.Ca(OCl)Cl+H 2 0. If a suffi- 
cient excess of water be present, and the temp be not too low, this product is hydro- 
lyzed : HoO+H 2 O.CaOCa(OCl)a=Ca(OH) 2 +H 2 OCa(OCl)Cl, and the Ca(0H) 2 
so produced is available for reohlormation The bleaching powder so formed 
is a mixture of both CaO Ca(OCl)Cl H 2 0 and H 2 0 Ca(OCI)Cl. The compound 
CaO Ca(OCl)Cl H 2 0, or 2Ca(OH) 2 CaCl 2 Ca(0Cl) 2 , is formed at —10° , and the com- 
pound Ca(OCl)Cl H 2 0 has also been produced at higher temp. In practice, these 
reactions are modified by the amount of water m the slaked lime, and they do not 
usually proceed beyond the stage represented by a final product (2 n — 2)Ca(OCl)Cl 
+CaO Ca(0Cl)Cl H 2 0+(2w— 1)H 2 0 The complex H 2 0.Ca0.Ca(001)Cl appears 
to be stable at 100°, but is decomposed at 130° with the evolution of oxygen , 
the molecule of water, however, is not expelled below a red heat The formation 
of bleaching powder, says H Ditz, is not a simple process, but several reactions 
succeed one another giving different products Indeed, he was able to make 
a product with 18*74: per cent of available chlorine and 0 64 per cent of non- 
chlonnated lime, by adding a little water from time to time. According to 
F Wmteler, the moisture plays the part of a catalytic agent, m the formation of 
bleaching powder Chlorine water is first formed , this hydrolyzes : C1 2 +H 2 0 
x^HCl+HOCl — the hydrochloric acid reacts most rapidly with the lime, forming 
Ca(0H)Cl and 0a01 2 , some water is formed at the same time The hypochlorous 
acid acts on the original Ca(OH) 2 » on the Ca(OH)Cl, and on the CaCl 2 , with the 
result that the finished product may contam 


Ca< 


OC1 

Od 


as well as free hypochlorous acid, which then forms chloride and oxygen, or chloride 
and chlorate Hence, says F Wmteler, bleaching powder is not a homogeneous 
product, and no definite constitutional formula can be assigned to it Otherwise 
expressed . G/donnated lime 19 not a homogeneous 'individual hut rather a mixture oj 
calcium chlorohypochlorite , Ga{0GV)G( or a double salt , GaCl^ Ca(00Z) 2 , with other 
\ 'products , the relative 'proportions of which depend upon the conditions under which (he 
chlorination has been performed — temperature, proportion of water present, rate at 
which the chlorine is led over the lime, etc It is convement to assume that bleaching 
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powder is eq to Ca(OCl)Cfl with more or less free calcium hydroxide The argu- 
ments, however, are not final As Roger Bacon once said - Argument may appear 
to decide a question, but it cannot make us feel certain unless the truth be also 
established by experience 

In 1832, J J Berzelius prepared bromine bleaching powder , or bromide of lime , 
by the action of bromine on slaked lime By heating calcium hydroxide suspended 
m water with iodine, G Lunge and R Schook 28 ob tamed a colourless soln. which 
bleached vegetable colouring matters — logwood, litmus, and cochineal — gave no 
coloration with starch ; gave a separation of iodine when treated with acids ; 
gave an evolution of oxygen with hydrogen peroxide, decomposed slowly in 
darkness, rapidly in sunlight , and even on long boiling only partially decomposed 
G. Lunge and R Schock conclude that this soln contains an iodine compound 
analogous with iodine bleaching powder , or iodide of lime, Ca(IO)I. WAR Wilks 
studied the action of soln of chlorine, bromine, and iodine in carbon tetrachloride 
on dry slaked lime, and found that bromine is adsorbed until a maximum of adsorp- 
tion is attained. In some cases a slight “ superadsorption ” is noticed. The colour 
of bromine bleaching powder is due to this adsorption product The concentra- 
tions of bromine in aoln (C 2 ) and m lime (C^) before the maximum of adsorption 
is reached are connected by the equation CJ 1 /G 2 i =^ The amount of bromine 
adsorbed by slaked lime depends on the dryness of the lime. Similar results were 
observed m the case of iodine and lime The value n in the formula (CJ 1 /0 2 ) n =& 
is one-thrrd, as with bromine, but the constant h is different for bromine and iodine 
For the same specimen of lime the mol ratio of iodine to lime at the maximum 
of adsorption is less than the corresponding ratio for bromine Chlorine behaves 
quite differently from the other two halogens under the same conditions Adsorp- 
tion phenomena could not be detected, but the results indicate the formation of a 
chemical compound Slight differences m the dryness of the lime have much greater 
effect on the absorption of bromine and iodine than on that of chlorine 

J. Walker and S A. Kay showed that the brown product of the action of iodine 
in aq or chloroform soln on magneBia is a case of adsorption analogous to the 
adsorption of acids by silk, and of iodine by starch P. Guichard studied the 
adsorption products with iodine vapour and alumina, silica, magnesia, and borylha. 
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§ B. The Hypochlorites, Hypobromites, and Hypoiodites 

In 1834, A J Balard 1 prepared solutions of salts of hypoohlorous acid — the 
hypochlorites — "by mixing the aq acid with alkalies, magnesia, or with zmo or 
copper hydroxides, and avoiding an excess of the acid If the liquids are not kept 
cold, tLe hypochlorites decompose into chlorides and ohlorates A J Balard said : 

The presence of a certain excess of base prevents the conversion of the hypochlorite 
into chlorate and chloride, whereas it is rapidly effected when the acid is in excess. It 
is therefore necessary to add the acid to the alkaline substance m quantity insufficient 
for saturation, and constantly to agitate the bottle immersed in cold water ; and not to 
reverse the operation by gradually saturating the acid with the base By taking these 
precautions, cone soln of hypochlorous acid and potash may be used without precipitating 
potassium chlorate, notwithstanding the sparing solubility of this salt This proves that 
if any chlorate is formed, the quantity is very small, 
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If an excess of alkali be present, the soln can be dried in vacuo at ordinary temp, 
without much decomposition. An excess of chlorine acting on hypochlorites at 
ordinary temp liberates the acid : KOC1+C1 2 +H 2 0==KC1+2HOC1 Similarly with 
bleaching powder. The liberated acid can be removed by distillation, but a rise 
of temp is then attended by the formation of chloric acid J L Gay Lussac (1843) 
dissolved two mol of chlorine monoxide m a soln containing a mol. of K 2 0, and found 
that on evaporation in vacuo, the eq of one mol of chlorine monoxide was removed 
from the liquid, this indicates that the alkali hypochlorites contain the eq of a 
mol each of chlorine monoxide, C1 2 0, and potassium monoxide, K 2 0. A. W William- 
son stated that hypochlorous acid does not expel carbon dioxide from the carbonates 
except by its own decomposition. W. Wolters, however, stated that carbon 
dioxide is expelled from sodium carbonate, and G. Lunge and H Schappi drove 
carbon dioxide from calcium carbonate by distilling hypochlorous acid with an 
excess of this salt. 

If too little chlorine is passed mto a soln of sodium carbonate to produce an 
effervescence, the pale yellow liquid smells faintly of chlorine and first reddens and 
then bleaches turmeric paper ; the liquid does not lose its bleaching power on boiling, 
but it does so on evaporation. If the soln. of sodium carbonate be sat. with chlorine, 
a yellow strongly bleaching liquid is obtained which when evaporated in thin 
layers m warm air, gives a residue which first browns, and then bleaches turmeric 
paper. Consequently sodium carbonate is still present When the liquid is boiled 
it loses its colour, and on evaporation furnishes sodium chloride, chlorate, and a 
little carbonate. According to W. R Dunstan and P. Ransome, when chlorine is 
passed mto an aq soln of sodium carbonate until the liquid is but faintly alkaline, 
the liquid contains no free hypochlorous acid, but sodium hypochlorite ; when 
the soln is faintly alkaline, it contains both sodium hypochlorite and free hypo- 
chlorous acid ; with a still further quantity of chlorine, the liquid contains some 
sodium hydrogen carbonate, sodum chlonde, and free hypochlorous acid, but no 
sodium hypochlorite, and it corresponds with the liquor sodoe chloratce of the 
British Pharmacopoeia. If the treatment with chlorine be continued until the 
evolution of carbon doxide ceases, the soln. contains sodium chlonde and chlorate 
and free hypochlorous acid. 

When an aq soln. of alkalies, alkaline earths, or magnesia is treated with 
chlorine gas, the so-called bleaching liquor , is obtained Too high a temp or an excess 
of chlorine gas makes the liquid unstable, because the contained hypoohlonte then 
readily decomposes mto chlorate and chloride Several of these bleaching liquids 
have been given special trade names 2 — e g extrait d 9 eau de Javelle ; esprit de 
Javelle; chlorozone , cklorogen , etc — and extravagant claims have been made 
about their bleaching qualities They can he regarded as modifications of the 
older eau de Javelle , or rather eau de Labarraque mixed m some oases with some 
bleaching powder As G Lunge puts it, they are “ nothing but ordinary Boln. 
of chloride of soda with some free alkali to make them fitter for carnage, and all 
assertions going beyond this are simply deceptions practised on the consumers.” 

Cone, soln of sodium hypochlorite with up to 42 per cent of available chlorine 
have been made under the trade name cMoro8 } by passing chlorine into a soln. of 
caustic soda of such a strength that the sodium chlonde which iB formed separates 
out The temp, is kept below 27° The crystals of sodium chloride are removed, 
and more chlorine is introduced, but the sodium hydroxide is always kept in excess 
or the soln. will be unstable A. J. Balard prepared potassium, sodium, and 
lithium hypochlorites by neutralizing a well-cooled soln. of the base with the acid 
E Soubearan evaporated in vacuo the liquid obtained by treating a soln of calcium 
hypochlorite with sodium carbonate, and obtained, before the liquid had all 
evaporated, crystals of sodium chloride and of sodium hypochlorite. P. Mayer 
and R Schindler obtained solid potassium hypochlorite mixed with potassium 
hydrocarbonate by the action of chlorine — developed from 10 parts of sodium 
chloride-— on a soln. of 24 parts of potassium hydrocarbonate and one of water. 
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They ako obtained an analogous solid sodium hypochlorite by the action oi chlorine 
— from 100 parts of sodi um chloride — on 19 parts of sodium carbonate moistened 
with one part of water. M Muspratt and E S. Smith 3 prepared a cone. soln. of 
sodium hypochlorite by treating with chlorine a 35 per cent soln of sodium hydroxide, 
cooled by ice-water. The precipitated sodium chloride is removed, and sodium 
hydroxide added equivalent to the sodium chloride removed : The treatment with 
chlorine was continued until the soln was about 5N Sometimes there is a sponta- 
neous transformation of hypochlorite to chlorate which is prevented by (i) working at 
a low temp , (ii) maint ainin g an excess of alkali , and (in) ensuring the absence 
of iron and other heavy metals which act as catalysts. If the cone soln. of sodium 
hypochlorite so prepared he cooled, to about —10°, needle-like crystals belonging 
to the cubic system separate out Their analysis gives : 37 6 per cent. NaOCl ; 
3 7, NaCl 3 58 7, H 2 0 ; and no sodium chlorate Their composition thus corre- 
sponds with hexahydrated sodium hypochlorite, NaOCl 6H 2 0, or, according to 
M P. Appleby, with heptaJiydrated sodium hypocldonte — the analyses agree with 
either. The crystals melt between 18°-21° by dissolving in their own water of 
crystallization, and then rapidly decompose If the crystals be exposed to a current 
of dry air under reduced press. , some of the water of crystallization can be removed, 
and the crystals do not melt below 43°. M. P Appleby found that if the melted 
hepta- or hexa-hydrate be cooled slowly large deliquescent greenish-yellow crystals 
of pentahydrated sodium hypochlorite, NaOC1.5H 2 0, are formed, which melt 
at 27° M. Berthelot 4 gives for the heat of the reaction Cl 2 +K 2 08oiii.=25 4 Cals ; 
and for Cl 2 Osoin +K 2 Oboiii =9 6 Cals For the reaction : Br 2 u a md+2K0H S oin 
^KBrgoin +KOBrsoin.+72 Cals J. Thomsen gives : NaOHaq +H0Clft Q =9 98 
Cals , for Cl 2 +2NaOHan =24 65 Cak., and M Berthelot gives 25 31 Cak Accord- 
ing to E M Raoult, the i p. of a gram of Bodium hypochlorite in 100 grms. of water 
is lowered 0*454°, so that the molecular lowering is 33 9. M Bouvet noted that 
cone soln* of thiB salt rapidly lose their activity in sunlight, and this occurs fastest 
in white glass bottles, and slower in brown glass bottles He found a soln in the 
shade or m darkness remain practically unchanged after four weeks. 

K, Kraut 5 claimed to have prepared lithia bleaching powder analogous with 
ordinary bleaching powder. At 0° chlorine has no action on lithium hydroxide, 
hut at a higher temperature a product is obtained analogous to that produced 
with lime. Lithia is a univalent base, and therefore hthia bleaching powder cannot 
be a mixed salt ; but G. Lunge and P. Naef showed that K Krautk product with 
hthia is in all probability a mixture of lithium hypochlorite, LiOCl, and lithium 
chloride, LiCl, for it is scarcely acted upon by carbon dioxide at ordinary tempera- 
tures, and the gas which is evolved contains some chlorine monoxide — with bleaching 
powder chlorine gas in amounts corresponding with the equation : Cl Ca.OCl 
+C0 2 =CaC0 3 +Cl 2 is evolved, and only a trace of chlorine monoxide 

A. J Balard 6 prepared a soln of sodium hypobromite, NaOBr, by working 
in a similar manner to the process employed for the hypochlorite When bromine 
is gradually added to soda lye, the bleaching power increases up to a maximum, 
and after that decreases owing to the conversion of the hypobromite into bromate. 
A. J Balard ako described a similar product, potassium hypobromite, obtained by 
the action of bromine on potassium carbonate 


C E Schonbem, as previously indicated, found that when iodine water is mixed 
with potassium hydroxide, the analogy of the product with soln of the hypo- 
bromites and hypochlorites shows that potassium hypoiodite is in all probability 
formed by a reversible reaction, 2K0H+I 2 ^KI+K0I-|-H 2 0 ) and that, when in 
equilibrium, the addition of potassium iodide will reverse the reaction, forming 
free iodine and potassium hydroxide. Hence, (l) the amount of potassium hydroxide 
required to complete the reaction must be greater than is indicated by the equation, 
as was found to be the case by E L. Tayloi ; and (n) the failure of many to obtain 
evidence of bleaching soln of hypoiodite when soln of iodine m potassium iodide 
are employed. If a large excess of potassium iodide is present, this will prevent 
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the formation of any but the smallest amount of hypoiodite E. Pochard found 
that when iodine acts on sodium hydroxide, a mixture of sodium iodide, sodium 
lodate, and sodium hypoiodite is formed, and that the iodide and hypoiodite react 
with the liberation of iodine F. D. Chattaway and K J. P Orton assume that 
sodium hypoiodite is formed in an intermediate stage in the decomposition of 
nitrogen iodide by a soln. of sodium hydroxide. 


When possibly sodium diparapenodate, Na 4 H 4 I 2 0 B H 2 0, or sodium lodate, NalO-* 
is oalomed at not too high a temp , the residue with the composition Na^O was reported 
by F Amm ermuller and G Magnus in the former case, and by J. von Liebig in the latter. 
There has been some controversy between C Langlois, C. G Latusoh, and C F Bam- 
melsberg, etc , as to whether sodium hypoiodite is an integral part of the compound , but 
the whole discussion is futile until the nature of the product has been more closely 
investigated. 

A. J. Balard 7 found that when hypo chlorous acid and aqua ammonia are mixed 
different phenomena are produced according to the concentration of the soln. 
When cone well-cooled soln are mixed, a white cloud is produced and sometimes 
oily drops of the highly explosive nitrogen chloride are produced. When very 
dil soln are mixed, bubbles of nitrogen are given off, and the liquid rendered 
alkaline by ammonia still possesses the power of bleaching a soln. of indigo blue, 
but bubbles of nitrogen continue to be given off, the alkalinity disappears, and the 
liquid becomes acid when it no longer possesses the power of bleaching Hence, 
adds A J Balard, the existence of ammonium hypochlorite is very probable , it 
is the ephemeral hypoohlorite obtained by E Soubeiran, by the action of ammonium 
carbonate upon a soln. of bleaching powder. The soln gave off nitrogen, and 
when evaporated in vacuo, left a residue of ammonium chloride C. F. Schonbein 
showed that the liquid produced by adding ammonia to chlonne water, until the 
soln turned turmeric paper brown, possessed all the characteristic properties of 
an hypochlorite 0. F. Cross and E J Bevan prepared a similar product by the 
electrolysis of a Boln of ammonium chloride According to J. Thiele, if the soln 
be distilled m vacuo, the distillate possesses reducing qualities, the residue does not 
reduce If the soln be mixed with sodium hydroxide before distillation, the 
distillate does not exert a reducing action It was therefore inferred that m the 
first case ammonium, hypochlorite was distilled mto the receiver, and m the second, 
the alkali fixed the hypochlorous acid and prevented its distillation There are 
some different opinions as to the mode of action of chlonne on aqua ammonia — 
A A. Noyes and A C Lyon bebeve that mtrogen trichloride (q v ) is first formed, 
and this is hydrolyzed in dil soln. : N 01 a+ 2 NH 40 H+H 2 0 — 2 NH 4 OCI. There are 
also differences of opinion as to the agent which effects the redaction — e.g. amongst 
R. Luther and N Schilow, F Raschig, J. Kolb, G Lunge and R. Schoch, F Dreyfus, 
etc. Some consider the proof of the existence of ammonium hypochlorite to be 
defective, for the alleged compound has not been isolated , its aq soln, rapidly 
decomposes at ordinary temp ; and there are irregularities m its oxidizing action 
— for instance, while it aots like other hypochlorites on aniline salts, sulphites, 
arsemtes, and potassium iodide, yet it does not bleach plant fibres, decolorize 
indigo, transform lead hydroxide into the peroxide, nor oxidize fexrocyamdes in 
acetic acid soln It must be remembered that the ephemeral ammonium hypo- 
chlorite must of necessity he present at the commencement in very dil soln. — 
one or two per cent. 

C F Schonbein also prepared ammonium hypobromite by a process analogous 
to that employed for the hypochlorite, and obtained a liquid with similar oxidizing 
properties. The liquid is assumed to contain a mixture of ammomum hypobromite 
and bromide C. F Schonbein likewise inferred the transient formation of 
ammonium hypoiodite when iodine water and aqueous ammonia axe mixed, whereby 
the liquid is decolorized. The soln, gave a deep blue coloration with starch 
paste and potassium iodide, etc., and behaved lake analogous soln of the alkali 
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hypoiodites F D Chattaway and K J P. Orton have discussed the formation 
of ammonium hypoiodite m the decomposition of nitrogen iodide by aqua 
ammonia 

R Chenevix notes the ready solubility of cupric oxide m chlorine water, 
and P Grouvelle found that the soln, obtained by passing chlorine into water 
with cupric oxide in suspension possessed bleaching properties, and these were 
retamed even after the soln had been boiled for a quarter of an hour A J Balard 
found that the distillation of P. Grouvelle 5 s hquor furnished some hypochlorous 
acid and a green oxychloride, 3CuO CuCl 2 4H 2 0, was formed In the retort 
A J Balard prepared a soln of cupric hypochlorite by dissolving cupric hydroxide 
in hypochlorous acid. It is also made by the action of cupric sulphate on calcium 
hypochlorite A J Balard found that copper filings are partially dissolved by 
hypochlorous acid, the soln after standing some time contains cupric chloride, and 
deposits a green pulverulent cupric oxychlonde 

L N. Vauquehn found that when chlorine acts on silver oxide diffused in water, 
a mixture of silver chloride and chlorate is formed, and it was accordingly supposed 
that these same products are obtained when chlorine acts on the salts of silver. 
The products observed by L N Vauquehn were shown by A J Balard to be end 
products, being preceded by the formation of silver hypochlorite According to 
A J. Balard, finely divided silver imm ediately decomposes hypochlorous acid with 
the evolution of oxygen, and the formation of silver chloride. Again, if an alkali 
hypochlorite be treated with silver nitrate, or if silver oxide, Ag 20 , suspended in 
water, he treated with chlonne, much heat is developed and silver chloride and silver 
peroxide are precipitated while a liquid with bleaching properties is formed The 
Liquid is very unstable, and decomposes m a few minutes with the separation of silver 
chloride and the formation of a soln of silver chlorate which does not bleach If 
an excess of chlonne be employed, all the silver is precipitated and a soln of hypo- 
chlorous and chloric acids remains If an alkali hydroxide be added to the bleaching 
liquid, oxygen is evolved, and a mixture of silver chlonde and peroxide is precipi- 
tated. Similar results are obtained if an aq. soln of silver chlorate, nitrate, or 
acetate be employed except that the corresponding acid is liberated. J. S. Stas has 
shown that probably no chi one acid or silver chlorate is formed m the primary 
reaction Ag 2 0+2C1 2 +H 2 0— 2AgCl+2HC10 If the silver oxide or carbonate 
he in excess, the silver oxide gradually forms silver hypochlorite, 2H0C1+Ag 2 0 
=2Ag0Cl+H 2 0, which is readily soluble, and the soln is stable so long as it is 
shaken with the excess of silver oxide present This salt is partially decomposed 
on standing in darkness, and completely decomposed at 60° into silver chlonde and 
chlorate . 3AgOCl— 2 AgCI+AgC 103 , and the latter remains in soln m the alkaline 
liquid J S Stas found no signs of the formation of perchloric acid F Raschig 
prepared silver hypochlonte by the action of alkaline Bochum hypochlorite on 
silver nitrate, and also by adding a soln of silver nitrate to sodium azide, NaN 8 , 
or to a soln of obloroazide in sodium hydroxide. 

A J Balard found that gold or platinum are not affected by hypochlorous acid, 
either alone or mixed with sulphunc or nitric acid' The last-named mix ture, 
however, would probably act on both metals owing to the formation of free chlonne 
No gold hypochlonte has yet been prepared 

A J Balard 8 prepared an olive-green insoluble mass by the action of bTomine 
water on copper oxide, vegetable colours are not bleached, but nitrogen is evolved 
from ammonia, and carbomc and other acids set free bromine When heated, 
oxygen, biomme, and water are given off, and copper oxybromide remains. The 
solid is possibly a mixture of bromine and copper oxybromide and not copper 
hypobromite A J Balard also prepared a soln which probably contained silver 
hypobromite by the action of bromine water on silver oxide The product easily 
decomposes into bromide and bromate F W Sc hmi dt suggested that the white 
fl occulent precipitate obtained by the action of iodine on a very dd. ammomaca] 
soln of silver nitrate is possibly silver hypoiodite. 
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The hypochlorites appear to he all very soluble m water, and they are so prone 
to decomposition that very few have been isolated 

In addition to sola of chloride of hme—hme bleach liquor — bloachmg liquids with 
magnesium, zinc, oi aluminium hypochlorites as the active agents have also been made 
aria special virtues claimed for their use For example, if magnesium sulphate be added 
to a soln. of bleaching powder, calcium sulphate is precipitated and a soln — magnesia 
bleach liquor — of magnesium hypochlorite can be decanted off , similarly with zinc hypo- 
chlorite — zinc bleach liquor , and with aluminium hypochlorite — alumina bleach liquor , or 
Wilson's bleach liquor 

In 1875, C. T. Kingzett 9 obtained feathery crystals of tetrahydrated calcium 
hypochlorite, Ca(OOD 2 4H 2 0, by the slow evaporation of a filtered soln m vacuo 
over sulphuric acid and caustic potash , K J. P Orton and W. J Jones obtained 
similar crystals from 4-ZV-soln. sat with respect to this salt at temp above 0° 
C. T. Kingzett and F. Winteler also obtained crystals by cooling soln of bleaching 
powder m a freezing mixture. The former did not obtain satisfactory analytical 
numbers, and the latter, without analysis, stated the crystals were calcium oxy- 
chloride K. J P. Orton and W J Jones also obtained large prismatic crystals 
of a basic hydrated compound of calcium chloride and hypochlorite from a 22V-soln, 
of bleaching powder which had been left for some weeks m a cupboard in the dark 
m autumn and also by coobng to —18° m a freezing mixture The ratio CaCl 2 
to Ca(OCl) 2 in these crystals is nearly constant 1 : 1, but the calcium hydroxide 
vanes very much This shows that the base is associated with the compound as an 
isomorphous mixture, or else a number of different basic salts are in question. The 
latter hypothesis is not probable in view of the constancy of the ratio CaCl 2 : 
Ca(OCJl) 2 H Ditz obtained a substance corresponding with CaO Ca(0Cl)Cl H 2 0, 
% e 2Ca(OH) a CaCl 2 Ca(0Cl) 2 by the action of chlorine on calcium hydroxide 
at — 10°. The Ghemische Fabnk Gnesheim-Elektron obtained a patent for the 
preparation of anhydrous crystals of calcium hypochlonte by a method similar to that 
employed by 0. T. Kingzett. The anhydrous crystals, unlike the hydrated crystals of 
C. T Kingzett, are less prone to decomposition than the best bleaching powder, and it 
is sold as hypont, The same firm found that if a cone, soln of slaked lime be 
chlorinated bo that the sp. gr. of the filtered soln is 1 15, compounds of calcium 
hypochlorite and hydroxide are precipitated on passing in more chlorine. It is 
said that there is a whole senes of these basic hypochlontes or calcium hydroxy- 
hypochlorites Ca(0Cl) 2 .wCa(0H) 2 , but only those with n= 2 and n= 4 have been 
analyzed These sparingly soluble compounds form well-defined crystals which 
decompose with water, and they are said to he the cause of much of the milkm ess 
of ord in ary soln of bleaching powder. The continued passage of ohlorme attacks 
these basio hypochlorites, until finally calcium hypochlorite itself is precipitated 
either directly, or by the salting action of calcium ohlonde It was once assumed 
that if the sp. gr. of lime bleach-liquor exceeded 1*15, the hypochlonte was con- 
verted into chlorate by further chlorination ; hut if slaked lime be added to a soln 
of bleaching powder, the basic compounds are precipitated, and the precipitates dis- 
solve by the passage of more chlorine , by repeating the addition of slaked lime, and 
treatment with chlorine, it is possible to make calcium hypochlorite soln of any 
desired concentration short of the point where crystallized calcium hypochlonte is 
precipitated 

P. Grouvelle (1821) 10 observed that a mol. of barium hydroxide absorbs two 
gram-atoms of chlorine, forming a product from which all the chlorine is expelled 
by carbon dioxide m two days A J. Balard (1834) says that the direct combination 
of hypochlorous acid with the powerful bases is accompanied by the development of 
much heat, and if the temp, is allowed to rise, the hypochlonte which may be formed 
changes into chlorate and chlonde By neutralizing a well- cooled soln of the base 
with hypochlorous acid, A J Balard prepared soln. of calcium, strontium, and 
barium hypochlorites, the existence of which, he said, is incontestable ; and added 
that calcium and barium hypochlontes serve for the preparation of other hypo- 
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chlorites, by double decomposition B C. Brodie (1862) found that hydrogen 
peroxide furnishes oxygen when treated with a soln. of chlorine in baryta water 
through which air has been passed to drive oE the free chlorine. C Gopner (1873) 
says that when hexahydrated barium hydroxide is treated with dry chlorine, 
dihydrated banum chloride is formed as well as a product containing 28 5 per cent, 
of free barium hydroxide, and 29*33 per cent of active chlorine. E Schwarz 
found that baryta and strontia furnish products analogous to ordinary lime bleaching 
powder (q v ) 

J. J. Berzelius 11 evaporated in vacuo a mixture of theoretical amounts of bromine 
and calcium hydroxide, and obtained a dry odourless red mass supposed to be a 
mixture of calcium bromide and calcium hypobromite, Ca(BrO) 2 , together with 
some calcium bromate The aq soln is yellow, and possesses bleaching qualities. 
A J Balard obtained similar results. According to C Lowig, when the red solid 
is heated, it loses bromine, and then oxygen. Acids even so weak as carbonic 
acid, drive oE the bromine With silver nitrate a white precipitate is obtained 
which rapidly blackens in light A J Balard obtained similar evidence of the 
formation of strontium hypobromite, and of barium hypobromite The soln. lose 
their bleaching properties in light, when heated, and when treated with an excess 
of bromine — barium bromate, Ba(BrC> 3 ) 2 , is then precipitated. M. Berthelot gives 
for the heat of formation at 13° with one eq in six litres of water, BaO+Br^^ll^ 
Cals. According to J. S Arthur and L. G Killby, when the red bromine com- 
pound is heated to 100°, a baoterioidal compound — calcium oxy-hypobi omiie, 
CaO.CaOBr 2 H 2 0 — stable up to 100°, is formed as a pale yellow powder containing 
about 33 per cent, of available bromine, and with properties similar to bleaching 
powder. W Knop has studied the action of nitrogen compounds on barium 
hypobromite 

J. L Gay Lussac found that iodine vapour is absorbed by heated calcium oxide 
without the evolution of oxygen, and P. Grouvelle noted that the iodine is driven 
off if the temp is raised still higher. C. F Rammelsberg found that 3 per cent 
m weight is lost by the treatment J. J Berzelius evaporated in vacuo at 30° a 
mixture of iodine and calcium hydroxide so long as iodine was given ofi. A blaok 
mass was obtamed which forms a dark brown soln with water. There is nothing 
here to show that the iodine is merely absorbed or adsorbed by the calcium oxide 
G Lunge and R Schoch obtamed a bleaching liquid — presumably containing 
calcium hypoiodite, some iodate, and iodide — by treating calcium hydroxide with 
iodine and water at ordinary temp. The soln is not very stable , it gradually 
changes in darkness, in light or when heated the change is more rapid still. 
R. L. Taylor showed that if iodine and lime are rubbed together with a little water, 
and diluted at once, instead of standing some hours before dilution as recommended 
by G Lunge and R. Sohooh, better results are obtained, for the soln. then exhibits 
the characteristic reactions of the alkali hypoiochtes 

P. Grouvelle (1821) obtained a bleaching liquid by passing chlorine gas into 
water containing magnesia in suspension. He noted that the bleaching power was 
not all destroyed by boiling the liquid for a quarter of an hour. On evaporation 
to dryness, the product decomposed into chlorine and magnesium oxide. A. J Balard 
(1834:) prepared a soln of magnesium hypochlorite by the action of hypochloious 
acid on magnesium oxide, which, in the presence of an excess of acid gradually 
decomposed into a mixture of magnesium chloride and chlorate with the evolution 
of some oxygen In the presence of an excess of the base, in vacuo, a similar 
decomposition ocoutb G Lunge and L. Landolt allowed chlorine to act on water 
with suspended magnesia, or in dry magnesium hydroxide, at 0°, and in the latter 
oase they did not obtain a product like bleaching powder, but rather a mixture 
of magnesium chloride and hypochlorite. The hypochlonte is also formed at 16°, 
but at 70° nearly all is converted into chlorate P. Bolley and M Jokisch prepared 
magnesium hypochlorite by the action of magnesium sulphate on a soln. of bleaching 
powder, and A D. White, by dissolving magnesium metal in hypo chlorous acid. 
vol. n. v 
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Q Kereszty and E. Wolf passed chlorine into an aq suspension of magnesia, and 
obtained what they regarded as a basic magnesium hypochlorite , the most favourable 
temp is between 20° and 22°. Practically no chlorate is produced if, after the 
introduction of the chlorine, the reacting mixture is allowed to stand for a consider- 
able time, ox be heated to 80° and kept at that temp, for 6 to 8 hrs m the dark. 
The precipitate is thoroughly washed with hot water, and dned with the exclusion 
of carbonate dioxide. C. E. Cross and E J Sevan found that a white substance is 
formed at the cathode during the electrolysis of a soln. of magnesium chlonde , 
unlike magnesium hypochlorite, this substance is not soluble in water, and it is 
stable Similar substances were obtained during the electrolysis of magnesium 
bromide and iodide. 

P Grouvelle obtained a similar result to that obtained with magnesium oxide 
by treating zinc oxide suspended in water with chlorine gas , and A J Balard 
found that when the liquid was distilled some hypochlorous acid collected m the 
distillate, while zmc chloride remained in the retort, where also some zinc oxychloride 
was precipitated. As with magnesium hypochlorite, A. J Balard likewise formed 
a soln of zinc hypochlorite by the action of hypoohiorous acid on zmc oxide. The 
soln behaved in an analogous manner when the attempt was made to concentrate 
it in vacuo. A J. Balard also prepared a similar soln by double decomposition of 
zinc sulphate and an exoess of calcium hypochlorite G Lunge and L. Landolt 
obtained a soln of zinc hypochlorite by a process similar to that employed by 
P Grouvelle. They found that some chlorate was formed when working at 15°, 
and still more at higher temp. The zinc hypochlorite was found to decompose 
mto zinc chloride or oxychloride and oxygen. Very little chlorate is present m 
the soln. obtamed by decomposing zinc sulphate with a soln of bleaching powder. 
The soln. of zino hypochlorite is less stable than that of the calcium or magnesium 
salt R Bottger found that hypoohiorous acid has no appreciable action on zmc 

By shaking bromine water with finely divided magnesia, 0 Lowig obtained a 
yellow liquid which at first behaved like an alkali towards litmus, hut a more 
protracted action removed the colour, and when treated with weak acids gave off 
bromine It is therefore supposed to be a soln of magnesium hypobromite. 
A. J. Balard found that the soln is decomposed by exposure to light, heat, or by 
evaporation in vacuo, and with an excess of bromine is converted mto magnesium 
bromide and bromate. 

J. L Gay Lussac obtained a reddish-brown Succulent precipitate by agitating 
magnesia with iodine and water , the liquid contained magnesium iodide and iodate 
The brown solid, once supposed to be magnesium hypoiodite, decomposes when 
heated mto iodine and magnesia, and when boiled with an excess of water forms a 
soln of magnesium iodide, and iodate, and sohd magnesium hydroxide J Walker 
and S. A. Kay 12 conclude, however, that it is simply a case of absorption of iodine, 
without any chemical combination, as was formerly assumed by E Lenssen and 
J Lowenthal. They find that this brown precipitate is produced when potash is 
added to a soln. of iodine in potassium iodide until the iodide just disappears, and 
then a soln of magnesium sulphate is added, magnesium hydrate being precipitated, 
and iodine manifestly liberated. 

A._ J Balard found mercury immediately decomposes hypochlorous acid without 
the disengagement of any gas, but mercury oxychloride is formed. P Grouvelle 
reported previously that when chlorine acts on mexcitrio oxide suspended in water, 
mercury oxychloride, very slightly soluble in cold water, is formed. L J. Th6nard 
found that the liquid contained both chloride and chlorate of mercury, also in soln. 
A. J . Balard, however, believed that these bodies are c< formed consecutively, and 
that their existence was preceded by that of a met curio hypochlorite, as takes place 
with the salts of silver,” and, as previously indicated, he prepared hypochlorous 
aoid by the aotion of chlorine on mercuric oxide suspended in water No mercury 
hypobromite has yet been isolated There is a possible formation of mercury 
hypoiodite, or more probably of hypoiodo.us acid, when iodine is shaken up with 
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water and mercuric oxide. The reaction has heen studied by C. J Kone, E. Lipp- 
mann, and K. J P. Orton and W L Blackmann 13 

P Grouvelle 14 reported that al umini um hydroxide suspended in water through 
which chlorine was parsed does not go into soln. Z G Onoli obtained a bleaching 
liquid by the decomposition of a soln of bleaching powder with aluminium sulphate, 
and G Lunge and L Landolt found that any aluminium hypochlorite which may be 
formed imm ediately decomposes, liberating hypo chlorous acid A D. White also 
found that alumimum is slowly attacked by hypochlorous acid, and the resulting 
aluminium hypochlorite immediately decomposes into alumimum hydroxide, 
oxygen, and chlorine. 

Iron filings immediately de compose hypochlorous acid with a brisk effervescence 
produced by the evolution of chlorine , the iron is partly oxidized and m part dis- 
solved as chloride without the formation of any chlorate A. J. Balard commented on 
this * “ The greater number of other metafile substances do not decompose hypo- 
chlorous acid, and I am yet entirely ignorant of the cause of the peculiar behaviour 
of iron ” P Grouvelle passed chlorine through water with iron hydroxide m 
suspension and a bleaching liquid along with femo chlonde was produced, and he 
found the liquid retained its bleaching properties after boiling for a quarter of an 
hour ; but A. J Balard failed to confirm this statement ; he could not make feme 
hypochlorite either (l) by the action of hypochlorous acid on iron hydroxide, foT 
hypochlorous acid does not dissolve ferric oxide ; or (n) by the action of calcium 
hypochlorite on feme sulphate, for calcium sulphate and ferric oxide are produced. 
Hence, adds A J. Balard, “ ferric hypochlorite cannot exist ; ” the results by 
P Grouvelle are due to the formation of feme chloride and hypochlorous acid in 
dil soln ; when the mixture was heated, a portion of the acid distilled off, and the 
xeaction which occurred with the cold soln was reversed, for feme oxide and chlorine 
were formed Ferrous oxide is oxidized to ferric oxide by hypochlorous acid 

A. J Balard found that stannous oxide is oxidized to stannic oxide , and the latter is 
not altered by hypochlorous acid ; chromic oxide is oxidized to chromic acid , manganese, 
nickel, cobalt, and lead oxides are also converted into peroxides by hypochlorous acid , 
bismuth oxide and manganese dioxide are not altered by this acid 
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§ 6. Electrolytic Processes lor the Preparation oi Hypochlorites, 
Hypobromites, and Hypoiodites 

Electrolytic bleaching liquids axe also prepared by the electrolysis of soln of 
sodium chloride. The cost with dil. soln. is about the same as with bleaching 
powder, but with more cone. soln. the coat with the electrolytic bleaching liquid 
is rather greater than with bleaching powder Consequently, for laundry bleaching, 
fine textile bleaching, and other oases where dil soln are used, the electrolytic 
bleach is preferred, but this is not the case where oono soln. are used — e.g paper 
pulp bleaching,^ sewage treatment, etc, The electrolytic bleaching liquor is more 
rapid in its action than chloride of lime ; washing with acid is not necessary since 
there are no lime salts to remove ; and there is less likelihood of irregularity in 
composition and in action. 

In 1851, 0. Watts 1 patented a process for preparing chlorine, soda, hypochlorites, 
and chlorates by the electrolysis of soln of alkali chlorides ; but little progress 
was made for many years In 1882, A. P. Lidof? and W. TichonurofE described the 
preparation of hypochlorites by this process, and m 1883, E Hennite patented a 
process, for the preparation of electrolytic bleaching liquor, which has been used in 
several countries, but is now regarded as an obsolete process 

In E Hermit © 3 b cell, the cathode was made of zinc discs supported on two slowly 
rotating ahafts r unning through eaoh cell, and separated from one another by a partition- 
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The anodes were made of thin sheets of platinum held m a non-conducting frame between 
the zinc discs Sea water was early used as an electrolyte, and later a 5 per cent soln of 
sodium chloride with about one per cent of magnesium chloride The electrolyte was 
kept m circulation by means of a special pump. 


Numerous other types of cell have been devised, and several of these have a 
much greater efficiency than the Hermit© cell — eg K Kellner’s, 2 Schuckert and Co ’s, 
M Haas and F Oettel’s, and P Schoop’s systems The electrolytic production of 
chlorine and caustic soda, of bleaching liquors, and of disinfecting liquid — e,g the 
so-called Dakin's solution — are growing industries 

In K Kellner’s cell, the electrodes are made of glass or other non-conducting material 
with wire or strips of an alloy of platmum -iridium fixed on the surface These plates are 
arranged vertically side by sido in a stoneware or glass trough so as to divide the cell 
mto a number of narrow compartments The brine enters the cell through two ml eta m 
the bottom and flows upwards between the narrow plat os, where it is electrolyzed by the 
current which enters and leaves the cell 
by two conducting plates placed at opposite 
ends of the cell The wire gives a current 
of high density The electrolyzed brine 
escapes through slits in the walls on 
opposite sides of the cell V Holbhng, m 
his Die Fabrication der Bleichmaienalien 
(Berlin, 1902), describes the installation 
of Siemens and Halske A stream of 
water trickles through a cylinder packed 
with salt, and the issuing brine is filtered 
through a cloth, whence it passes mto a 
tank, where it is mixed with sufficient water 
to give it the correct specifio gravity The 
brine thence passes to a storage tank, 
whence it is run as required to another 
tank A , Fig 4, which contains a leaden 
worm piping m order to keep the temp of the brine low The electrolytic cell C is fixed 
above the tank A A pump P sucks the brine along 2?, and forces it through D, whilo the 
tap E is turned to shut off connection with F The brine rises in the cell, and the 
electrolyzed liquid runs back mto the tank A This circulation of tho brine is continued 
until the liquid contains the desired quantity ol bleaching chlonne, when thf* stopcock E is 
turned and the bleac hing liquor forced by the pump through F to the storage tank 

The work of F Forster and E Muller, described in the former’s Electrochemie 
wdssenger Losungen (Leipzig, 1917) 3 has shown that when a 10 per cent aq soln. 
of sodium chloride is electrolyzed between platinum electrodes, hydrogen and 
sodium hydroxide are produced at the cathode, and chlonne at the anode The 
discharge potential of Na -ions is —2*72 volts, and this is much greater than —0 4 
volt, the discharge potential of H*-ions, so that hydrogen is preferentially dis- 
charged and that even from a strongly alkaline soln Consequently, although 
requiring a certain over-voltage, the production of hydrogen during the electrolysis 
of a soln, of sodium chlonde is primary and not secondary These relations can 
be reversed by discharging the sodium, not as a pure metal, but as an alloy with a 
cathode of, say, mercury, tm, or lead , or by using a cathode metal which has a 
high hydrogen over-voltage For a sat. soln. of chlonne at atm press (0 064 mol 
per hire), and normal with respect to Cl'-ions, the discharge potential is —1 667 volts, 
and chlonne cannot be liberated at atm press if the potential difference is less 
than this value With an acidic soln , normal with respect to H -ions, hydrogen 
is liberated at —0 277 volt Although a soln. of sodium chloride is neutral at 
the commencement of the electrolysis, it becomes increasingly alkaline as the 
electrolysis progresses , this diminishes the concentration of the H -ions If the 
soln. of alkali hydroxide about the cathode be assumed normal, the discharge 
potential will be 0*54 volt The cell will then have a voltage 0*54 — (— 1*667)=2 2 
volts The decomposition potential for the contmuous electrolysis of a cono, 
soln. of sodium chloride requires 21 to 2 3 volts Hydroxyl ions are liberated in 
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a normal hydroxide soln. with a potential — 1*16 volts, and there is therefore a 
difference of nearly 0 5 volt between the discharge potential of chlorine and hydroxyl 
ions, and oxygen not chlorine would therefore be the product of the electrolysis 
of strongly alkaline soln. of sodium chloride were it not for the fact that the potential 
of an anode from which oxygen is liberated steadily increases up to the pomt at 
which chlorine is set free 

If during the electrolysis of a soln of sodium chloride, cathodic sodium hydroxide 
and anodic chlorine are desired, the anode and cathode liquids must be prevented 
from mixing by means of a diaphragm as in the electrolytic processes for chlorine ; 
while if hypochlorite, chlorate, or perchlorates be the desired products, the anodic 
and cathodic liquids must be continuously mixed The chlorine from the anode 
then reacts with the hydroxide from the cathode, forming the alkali hypochlorite. 
If the mixing of the liquid is good, the reaction * C^+SNaOI^NaOOl+NaG+^O, 
is almost quantitative There will be a tendency for the chlorine to accumulate 
about the cathode, and m that case, there will be a high concentration of hypo- 
chlorite m that neighbourhood, and a corresponding tendency to form sodium 
chlorate : 3Na0Cl=NaC103+2NaCl, at the anode The amount of chlorate formed 
about the anode will be legs the better the circulation and the lower the temp 
of the electrolyte. The Tate of decomposition of the neutral hypochlorite is small, 
and the action would proceed until the soln becomes sat. with sodium hypochlorite 
were it not for the nascent hydrogen produced on the cathode exerting a reducmg 
action on the hypochlorite whereby the oxidized salt, NaOCl, is reduced back to 
the chloride : 2NaOG+2H 2 =2NaCl+2H20 Consequently, the concentration of 
the hypochlorite will reach a maximum value and remain stationary when the 
rate of formation of hypochlorite about the anode is equal to its rate of reduction 
about the cathode 

In 1898, P ImhofE discovered the important fact that the reduction at the 
cathode can he prevented by adding a very small proportion of potassium bichro- 
mate, to the electrolyte, and E. Muller showed that the chromate about 

the cathode is reduced to chromium ohromate, Ch^CrO^g, which forms an insoluble 
film on the cathode and prevents the soln. coming into actual contact with the 
electrode and into the sphere of action of nascent hydrogen If the electrolyte be 
strongly acid or alkaline, the film is dissolved, and the action of the anti-reducmg 
agent is either prevented or retarded Vanadium salts, sodium resmate, and, 
as A. Thiele has shown, organic non-aromatic sulphur compounds m the presence 
of calcium salts can be used as anti-reducing agents m a similar manner 

There is another reaction which limits the possible concentration of the hypo- 
chlorite in the electrolyte, namely, the electrolysis of the dissolved hypochlorite 
resulting in the liberation of oxygen and chlorine * 4C10 / +2H 2 0=IHCl-f-30 2 , 
and 2HG=H2oathode+Gl2anodQ> an d the simultaneous formation of chlorate 2CJ0' 
+H 2 0=2HC103 Symbolizing these two reactions by one equation . 6C10' 

+3H 2 0— 6H‘-f2GO s / +4Cr+li0 2 . This reaction — anodic chlorate formation 
— occurs only at the anode and not throughout the electrolyte In the stationary 
state, thereiore, when the concentration of the hypochlorite is a maximum, the 
rate of formation of the hypochlorite less the rate of its reduction at the cathode 
will be equal to the rate of electrolysis of the hypochlorite The discharge of the 
six ClO'-ions requires the passage of 12 coulombs of electricity ; so that m the 
stationary state, two-thirds of the current will be spent in producing chlorine which 
reacts with the alkali hydroxide to form hypochlorite, and one-third in the elec- 
trolysis of the hypochlorite Otherwise expressed, 66 6 per cent of the current will 
be spent in the production of available oxygen m the form of sodium chlorate, 
NaClOg, and 33 3 p©T cent, in the production of free oxygen* This fact has been 
established -by experiments with brine over a wide range of concentration, current 
density, and temp. 

The reduction of the hypochlorite at the cathode, and the chlorate formation at 
the anode, become more difficult by increasing the current densities at these electrodes, 
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for the greater the quantity of chlorine co m ing from the anode, the less the oppor- 
tunity of the hypochlorite reaching the anode , and, likewise, the smaller the 
cathode, the less chance will the hypochlorite have of coming in contact with the 
nascent hydrogen The resistance of the more cone soln is less The maximum 
hypochlorite concentration is less in dil than in cone soln of sodium chloride 
because in the former case the hypochloizte must carry relatively more current The 
resistance of the more cone soln is less E Muller (Pig 5) illustrates the electrolysis 
of a neutral 4 37iV-soln of sodium chloride with a current density on the anode 
of 0 075 amp and on the cathode 0 18 amp 
per sq cm The concentration of the hypo- 
chlorite and chlorate oxygen is m grams per 
100c c , the current yield etc ,are expressed 
in terms of the percentage of active oxygen. 

It will be seen that the concentration of the 
chlorate is very low at first, hut that it 
increases as the concentration of the hypo- 
chlorite becomes constant, showing that 
hypochlorite is probably one of the first 
products of the electrolysis, and the start- 
ing-point for the formation of the chlorate, 
and for the evolution of oxygen 

If the soln of sodium chloride to be 
electrolyzed is acidified with hydrochloric 
acid, the acid is first electrolyzed, and this 
contmues until the soln is nearly neutral, 
but the trace of hydrochloric acid which escapes electrolysis liberates hypochlorous 
acid, which then decomposes and increases the yield of chlorate If acid be added 
to the soln. before the hypochlorous acid has attained its maximum concentration, 
all the hypochlorous acid in soln is oxidized to chlorate, and if the addition of acid 
be similarly continued, 90 per cent of the theoretical yield of chlorate can be 
obtained Similar results can be obtained by keeping the soln. slightly acid by 
the addition of potassium acid fluoiide, KHP 2s or alkali bicarbonate 

If the soln of sodium chloride be made alkaline by the addition of alkali hydroxide 
the maximum concentration of the hypochlorite becomes 
less as the alkalinity of the soln is increased and the 
chief products of the electrolysis are chlorate and free 
oxygen. The relative yields of hypochlorite and chlo- 
rate during the electrolyses of soln of 200 grins of 
sodium chloride, and various amounts of the hydroxide 
per litre of soln , aie indicated m Pig 6, with an anode 
current density of 0 04 amp per sq cm It is assumed 
that the reaction representing the formation of chlorate 
m neutral, and m slightly and m strongly alkaline soln. 
is 6G10'+3H 2 0=2C10 3 '+4Cl / +6H*+li0 2 , hut that 
m strongly alkaline soln , the chloride and hydroxyl ions 
react immediately on the anode to form hypochlorite 
The higher hypochlorite concentration on the anode 
increases the production of chlorate , and when the 
alkalinity exceeds a certain value, the hydroxide is also electrolyzed, and the hydroxyl 
ions discharged at the anode reduce the yield of chlorate below the maximum 
indicated in Pig 6 The effect of temp on neutral soln decreases the hypochlorite 
maximum, but in strongly alkaline soln it increases the maximum 

To summarize • the production of sodium hypochlorite is favoured by (l) 
Neutral cone soln of sodium chloride , (u) Low temp , (iii) High anodic current 
density ; (iv) The presence of potassium bichromate , and (v) An adequate circula- 
tion of the electrolyte, G- E Cullen and B, S. Hubbard have studied the best 
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conditions for the production of a dil soln of sodium hypochlorite to be used as 
Dakin’s solution. 

R Lorenz and H Wehriin have also shown that the use of platinized platinum 
electrodes increases the maximum concentration of the hypochlorite. Carhon 
electrodes have a 10 to 28 per cent porosity ; and the soln which fills the pores 
is electrolyzed, hut the dissolved salt m the pores cannot he renewed as rapidly 
as the soln about the surface of the electrode, and consequently the evolution of 
oxygen and the production of chlorate begin sooner, and the maximum concentra- 
tion of the hypochlorite is less than with platinum electrodes. Part of the oxygen 
also oxidizes the carbon, and this makes the electrolyte slightly acid, thus favouring 
ohlorate production. 

Hypobromites. — During the electrolysis of soln. of an alkali bromide,* free 
bro min e and oxygen are discharged at the anode, and the bromine unites with the 
sodium hydroxide formed at the cathode, producing alkali hypobromite As m the 
analogous formation of hypochlorites, the concentration of hypobromite increases 
up to a maximum when any further electrolysis furnishes bromate. The free 
oxygen, derived from the hydroxide produced by the hydrolysis of the hypobromite, 
is evolved at the anode m increasing quantities as the concentration of the hypo- 
bromite increases Alkali biomate is produced (a) by the secondary oxidation of 
alkali hypobromite by hypobromous acid Na0Br+2H0Br=HBr0 3 +HBr-|-NaBr , 
and (6) by the direct oxidation of the hypobromite : HOBr+O 2 =HBi 03 Unlike 
the analogous case with hypochlorites, there is virtually no electrolysis of the 
hypobromite The conditions favouring the formation of hypobromites resemble 
those with hypochlorites H Pauh has shown that, excepting cases where a 
chromate is used to prevent reduction on the cathode, both bromates and 
hypobromites are reduced on a smooth platinum cathode 

Hypoiodltes. — In the electrolysis of a soln of alkali iodide, 5 the iodine liberated 
at the anode unites with the alkali hydroxide from the cathode to form hypoiodite 
The very rapid hydrolysis of the hypoiodite leads to the formation of lodate 
2BQU+KIO=KIO s +2HI, and this even in alkaline soln The result is analogous 
with that obtained with slightly acid soln. of hypochlorites, so that the hypoiodide 
quickly reaches a limiting maximum concentration — dependent on the concentra- 
tion of iodide and lodate, the current density, and the temp. — when the product is 
exclusively lodate Increasing alkalinity increases the maximum concentration 
of the hypoiodite, but decreases that of the hypochlorite This difference anses 
from the different ways the lodate and ohlorate are formed m the two cases Sioce 
hypoiodltes can never become very cone , the amount of hypoiodite electrolyzed 
is therefore very small; accordingly, the evolution of oxygen at the anode is 
entirely due to the electrolysis of the hydroxide, and is not concerned with the 
formation of lodate. 
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§ 7. Chlorine, Bromine, and Iodine Trioxides ; and the Corresponding 

Acids 

A greenish-yellow gas supposed to be chlorine trioxide, C1 2 0 3j or chlorous 
anhydride , was prepared by N. A E Millon 1 m 1843, and described in his Mdmoire 
sur Us corribinauons oxyglnes du chlore The gas was made by the partial reduction 
of ohlono acid, HC10 8 , with a mixture of arsemous oxide, As 2 O s , and dil. mtne 
acid It was supposed that the nitric acid was reduced to nitrogen tnoxide, £r 2 0 3) 
simultaneously with the oxidation of the arsemous acid, H 3 As0 3 , to aTsenio acid, 
H 3 As0 4 , The chlonc acid was reduced by the nitrogen trioxide to chlorine tnoxide, 
as the nitrogen tnoxide simultaneously reoxidized to nitric acid • 2 HCIO 3 +N 2 O 8 
=Cl20 8 +2im0 8 . Several other methods of reduction were employed — e.g, 
M. Brandau reduced the chlonc acid directly with arsenic tnoxide without the 
use of nitric acid , J. Schiel used cane sugar , L Carius, benzene ; and T Hermann, 
naphthalene. W Sprrng also olaimed to have made the gas by the action of 
chlorine on silver chlorate, AgC10 3 The gas product of these reactions, supposed 
to be chlorine trioxide, was analyzed, its density determined, and its properties 
tabulated. The results obtained by different observers did not agree. KL G Thum- 
laokh showed that the general properties of the supposed chlorine tnoxide ran parallel 
with those of chlorine dioxide ; he found that when the gas is decomposed by heat 
it undergoes an expansion which is equal to half the volume of oxygen set free 
If the gas were C1 2 0 8 , the volume of oxygen set free should be equal to the observed 
expansion. 201 2 O 8 (2 vols)=2Cl 2 (2 vols,)+30 2 (3 vols). The corresponding 
result for chlorine dioxide, C10 2 , is : 2C10 2 (2 vols )=C1 2 (1 vol )+20 2 (2 vols ). 
E. G Thuxnlackh therefore concluded that the supposed chlorine tnoxide or 
chlorous anhydnde is a mixture of chlorine and chlorine dioxide with a little oxygen 
and carbon dioxide. The calculated density of chlorine tnoxide C1 2 0 3 , (air unity), 
is 4'1, and M Brandau obtained 4*07 at 9° ; 317 at 16° , N A, E Millon and 
J Schiel obtained between 2 6 and 2*7. W. A. Miller (1845) 2 andD. Gernez (1872) 
reported that the absorption spectra of chlorine tnoxide and chl orine dioxide are 
identical, while chlorine monoxide gave no bands As A Schuster remarks 

As no other case is known m which two different compounds gave the same spectrum, 
and as the oxides of chlorine are very unstable, there is no doubt that the spectr um of one 
of them only was observed, that gas to which the spectrum belongs being also present 
when the other oxide was examined 

D I. Mendeleeff noted that a mixture of equal volumes of chlorine, chlorine di- 
andtn-oxides has a density corresponding with the value observed by N A E Millon, 
and therefore inferred that Mill on J s gas u probably contains a mix ture of approxi- 
mately equal volumes of chlorine dioxide, C10 2 , chlorine tnoxide, C1 2 0 8 , and chlorine ” 
There is, however, no unimpeachable evidence which justifies even this assumption ; 
and it is now suppposed that the existence of the chlorine tnoxide, the anhydride 
of chlorous acid, has not been established 

Chlorous acid —The acid liquid obtained when chlorine dioxide, C10 2 , ib dis- 
solved in water is a mixture of chlonc acid, HC10 8 , and chlorous acid, HC10 2 . 



SS 82 INORGANIC AND THEORETICAL CHEMISTRY 

The reaction is symbolized : 2C10 2 +H20==HC10 2 +HC103, so that the aq soln. 
of N. A E Milloifs chlorine trioxide will contain a mixture of ohlono and chloious 
acids and chlorine, and a soln ol the same gas in. alkali lye will contain a mixture 
of the alkali hypochlorite, chlorite, chlorate, chloride The chlorites are accordingly 
formed when soln of chloric acid, HC10 S , or chlorine dioxide, C10 2 , are partially 
reduced by the methods employed for the preparation of chlorine di- and tn-oxides. 
J E de Vrij 3 prepared the acid by reducing chloric acid with tartano acid. G . Bruni 
and G Levi used oxalic acid 

A mix ture of 150 parts of oxaho aoid, 40 of potassium chlorate, and 20 of water is 
heated to 60°, and the soln. cono m vacuo at 60° until it begins to crystallize The cold 
liquid is then treated with 3 volumes of absolute alcohol, when potassium carbonate is 
precipitated Fine deliquescent needles of potassium chlorite can be obtained by fractional 
crystallization m vacuo The residue gives a further crop of crystals of the chlorite by 
treatment with 95 per cent alcohol Small yellow crystals of silver or lead chlorites can 
be obtained by double decomposition. 

J L Gay Lussac also noted the formation of calcium chlorite when bleaching 
powder — sohd or solution — is decomposed in sunlight K. G. Thurnlackh and 
K F. von Hayn prepared a mixture of potassium chlorite and ohlorate by the 
action of chlorine dioxide on potash lye : 2C10 2 +2K0H=KC10 2 +KC103-[-H 2 0 
A. Reychler found that if sodium peroxide is mixed with an aq. soln of chlorine 
dioxide, the yellow colour of the soln disappears as soon as sufficient sodium 
peroxide has been added, and the amount of oxygen evolved corresponds with the 
reaction : Na 2 0 2 +2d0 2 — 2NaC10 2 +02 1 a ^d &. Brum and G. Levi prepared 
barium chlorite by the action of a mixture of chlorine and carbon dioxides, free 
from chlorine, upon barium peroxide suspended in a soln of hydrogen peroxide. 
The liquid was extracted with alcohol ; the extract treated with an excess of ether ; 
and the precipitated chlorite rapidly dried to free it from traces of ether and alcohol. 
With rapid filtration and drying, the barium chlonte, Ba(C10 2 )o 3 is obtained virtually 
free from chloride B. Carlson and J. Gelhaar stated that appreciable quantities of 
chlorite aTe formed in the electrolytic production of chlorates, but F Forster and 
P Dolchhave shown that the meiest traces are formed, and that the test employed 
by the former was vitiated by the presence of bromides. F Forster and P. Dolch, 
as previously indicated, regard sodium chlonte as an intermediate product in the 
conversion of hypoohlorites to chlorates 

A colourless aq soln of the free acid is obtained by treatmg banum ohlorite 
with YoW-sulphuric acid When acidified with chi sulphunc acid, there is a slow 
decomposition with the formation of chlorine dioxide, and the appearance of a yellow 
soln may be regarded as a test for the presence of chlontes. This decomposition 
is hastened by the presence of ohlondes and hypochlorites, and retarded by a smaU 
proportion of arsenious oxide, so that m this latter reagent the soln. remains colourless 
over an hour. It is highly probable that the colourless soln contains hypochlorous 
acid The hypochlorous acid in soln probably reacts slowly with chlorous aoid, 
forming chlorine dioxide : HG1 0 +2HC10 2 =2 C10 2 +H 01 + H a O The reaction is of 
the second order. Hence it may be that pure chlorous acid is fairly stable The 
reaotion between chlorous and chloric acids is not of the balanced type, since other 
substances besides chlorine dioxide are produced, and the proportion of chlorate 
in the system continually increases : 3HC10 2 — 2HCIO3+HCI, and possibly also : 
8HC10 2 =C1 2 +6C10 2 +4H 2 0 

The reaction 2C10 2 +2KOH=KC10 2 +KC103+H 2 0, makes it appeal as if 
chlorine dioxide is a mixed anhydride of chloric and chlorous acids According 
to W. Bray, the reaction progresses m accord with the equation . d[Cl0 2 ]/dl 
where the bracketed symbols refer to molecular concentrations. 
It is therefore assumed that the primary reaotion is 2d0 2 +KOH=K0103+HC10 2 , 
followed by the rapid : HC10 2 +K0H=KC10 2 +H 2 0. The end of the reaction : 
2C10 2 +2KOH==H20+KC103“|-KG103 , is recognized by the decolonzation of the 
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soln The product is comparatively stable, since W. Bray could recognize no change 
m the oxidation value of the soln. after six months W. Bray also found that when 
a soln. of chlorine dioxide is treated with sodium acid carbonate, NaHCOg, there 
is a very slow reaction : 2NaHC03+2C102+H 2 0=NaC103-fNAC102+2H2C0s, 

which occupies some weeks m darkness at 0°. 

The chlorites. — Chlorous acid is monobasic, and forms salts of the type M'C10 2 , 
and also red acid salts which have not been isolated in the solid state The salt of 
the alkabes and alkaline earths are colourless and hygroscopic. All the chlontes 
are soluble m water — the lead and silver salts are but sparingly soluble. The 
soln undergo no appreciable hydrolysis. The chlorites are also fairly soluble in 
alcohol. G. Brum and G Levi determined the electrical conductivity of aq. soln. 
of potassium, silver, and barium chlontes, at 25° The mobility of the chlorite 
ion, CKV, is between 50 6 and 51 7, so that the ion mobilities of the oxychlorine 
ions CKV, 51 0 , CIOs', 63 4 , CIO*', 73 6, showing that the ionic mobility 
increases with increasing oxygen content , the reverse obtained with the oxy- 
mtrogen ions — e g N0 2 ', 75*4 , N0 3 ', 70 6 The degrees of ionization of potassium 
chlorite determined by oryoscopic measurements are respectively a=0 930 ; 
a=0 920 , a=0 935 , and a=0 959 for sole containing 1 0656 grms of salt per 
10, 15, 20, and 40 grms of water. The soluble chlontes form caustic soln which 
bleach vegetable colouring matters, indigo blue, etc , even after the addition of 
arsemous oxide Hypochlorites also bleach vegetable colouring matters, but not 
after the addition of arsemous oxide Chlorous acid is a very strongly oxidizing agent, 
and m this respect resembles chlorine dioxide ; on the other hand, the chlontes — 
m alkaline soln — do not exert so strong an oxidizing action. Iodides are oxidized 
to lodates 3HC10 2 +2KI=2KI0 8 +3HC1 

X A E Millon 4 prepared soln of potassium chlorite and sodium ohlonte by 
adding chlorous acid slowly and gradually to a soln. of the alkali hydroxide until 
the product has a yellow colour By rapidly evaporating the soln to complete 
dryness, a deliquescent salt was obtamed which, at 160°, decomposes into chlorate 
and chloride This decomposition occurs if the soln be slowly evaporated in vacuo. 
If an excess of chlorous acid is used with the potash-lye, a red liquid is obtamed 
which gives off the acid on evaporation, and leaves a residue of the neubral salt. 
It has been suggested that the red liquid is a soln of add potassium ohlonte. 

K G Thurnlackh and K F. von Hayn prepared a mixed soln of potassium 
chlorate and ohlonte by the action of potassium hydroxide free from chlorine on a 
soln of chlonne dioxide Light was oarefully excluded, and the soln. was evaporated 
in vacuo at 45°-50° — potassium ohlorate separated out first, and after further 
evaporation aloohol was added, and the clear alcoholic soln. evaporated. Needle- like 
crystals of potassium chlorite, KC10 2 , were obtained which deliquesced on exposure 
to air. As already indicated m connection with the preparation of the acid, G. Bruin 
and G Levi made the potassium chlonte by reducing a sojn of potassium chlorate 
with oxalic acid , and A. Reychler, sodium chlonte, by the action of ohlonne dioxide 
on a soln. of sodium peioxide Sodium chlorite, NaC10 2 , can be also made by 
double decomposition by treating a soln of banum chlorite with sodium sulphate 
and evaporating the clear soln m vacuo 

N A E Millon found that a soln. of alkali chlonte gives a yellow precipitate 
of lead chlorite, Pb(Cl0 2 )2, or of silver chlorite, AgC10 2 , when treated respectively 
with lead or silver nitrate On reaystalkzation from hot water, lead and silver 
chlontes are obtained m yellow plates J. Sohiel also made lead chlorite by treating 
a soln of banum or calcium chlonte with lead nitiate ; an excess of the lead nitrate 
is to be avoided because of its solvent action Fine sulphur yellow crystals can be 
obtained from a warm soln — 50°--60 o — of the salt in calcium chlonte. The dry 
salt explodes at 126° according to N. A E. Millon, at 100° according to J. Schiel. 
It explodes when tnturated with flowers of sulphur or antimony sulphide It 
behaves like silver chlonte with hydrogen sulphide and with sulphuric acid. 

If a trace of free chlorous acid is present with the precipitated silver chlorite, 
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N A. E Millon found that the chlorite decomposes readily into the chloride and 
chlorate. 3AgC10 2 ===AgCl+2AgC10 3 ; and that the dried salt decomposes with 
detonation at 105°; when m contact with hydrochloric acid; or when rubbed 
up with dowers of sulphur. K. G. Thurnlackh and F. H von Hayn say that 
the yellow colour of silver chlorite is bleached white m sunlight 3 but the salt is 
not decomposed by boiling water ; it is rapidly reduced by sulphur dioxide , and 
when treated with sulphuric acid, a gas is evolved which has the colour and 
smell of chlorine dioxide. When hydrogen sulphide is passed over lead chlorite, 
black lead sulphide is first formed, and this oxidizes to white lead sulphate J. 
Sohiel seems to have obtained mixed crystals with lead chloride varying in com- 
position between 6Pb(C102)2 4Pb01 2 PbO and 2Pb(C10 2 )2 PbCl 2 G Brum and G. 
Levi treated silver chlorite with cone, aqua ammonia, and obtained yellow crystals 
of monammino-silver chlorite, AgC10 2 .NH 8 , when a soln of silver chlorite m 
ammomated alcohol is treated with anhydrous ether, white crystals of the 
diammino-silver chlorite, AgC10 2 .2NH s , are obtained; and when dry gaseous 
ammonia is passed slowly over gaseous silver chlorite, a white crystalline precipitate, 
of the triammino-silver chlorite, AgC10 2 .3NH 3 , is formed. The two last-named 
ammino-salts are unstable m air, they lose ammonia, and become yellow. The 
three ammino -silver chlorites resemble the corresponding araml ao-silver nitrites 
Calcium chlorite, Ca(C10 2 ) 2 , strontium chlorite, Sr(C10 2 ) 2 , barium chlorite, 
Ba(010 2 )2 * and lithium chlorite, LiC 10 2 , were prepared by G Brum and G Levi 
by the pioeess previously indicated for barium chlorite N A E Millon made 
barium and strontium chlorites by the action of cMotous acid on the respective 
hydroxides as in the case of the alkali salts Barium carbonate is not decomposed 
by the acid. N A E Millon found the barium salt decomposed at 235°, and he 
added that the strontium salt decomposed less easily than the barium salt. The 
decomposition of barium chlorite in a bomb calorimeter gave Ba(C10 2 ) 2 =BaCl 2 
+20 2 +48 6 Cals , and hence follows Ba+Cl 2 +20 2 =Ba(C10 2 )26ohd+148 , 4: Cals. ; 
BaCl 2 +0 2 =Ba (C10 2 ) 2 — 48 6 Cals , Ba(C10 2 ) 2 _ h‘0£=Ba(C10 3 )2“|-22 4 Cals , and 
Ba(C103)2+0 2 =Ba(C10 4 )2+30 2 Cals Consequently, with compounds of chlorine 
m different degrees of oxidation, the heat of formation is less endothermic, % e, more 
exothermic the higher the degree of oxidation A Angeh obtained an analogous 
result with the oxygenated nitrogen compounds. 6 

N A. E. Millon sat an aq. soln of chlorous acid with ammonia The soln. 
had bleaching qualities, and decomposed when evaporated It ib supposed to 
contain unstable ammonium chlorite. Hydroxylamine chlorite is unstable at 
ordinary temp , it can be made like sodium chlorite, by treating barium chlorite 
with hydroxylamine sulphate. Mercuric ohlonde gives no precipitate with the 
chlorites Mercuric chlorite, Hg(C10 3 ) 2 — possibly a basic chlorite, 3Hg(C10 2 ) 2 HgO 
— is prepared as a red crystalline precipitate by treating mercuric nitrate with 
barinm or potassium chlorite, in not too dil a soln The dry salt is very unstable, 
and explodes spontaneously Mercurous chlorite, HgC10 2 , is obtamed as a yellow 
crystalline salt by a method analogous to that used for the mercuric salt The 
precipitate becomes white with an excess of the reagent ; and the yellow salt 
reddens m air The properties of the two mercury salts are similar m many respects 
Chlorites can be determined from the amount of ferrous iron oxidized to the 
ferric state : 4FeS04+HC10 2 +2H 2 S04=2Fe 2 (S04)3+HCl+2H 3 0. Neutral ferrous 
sulphate soln, give a brownish-yellow coloration with cold ohlonte soln. , with 
hot soln , there is an ochreous deposit and an evolution of chlorine When slightly 
acidulated, chlorites give a transient amethyst tint to a soln of ferrous sulphate — 
E Lemsen’s reaction, Ferro oyamdes are oxidized to ferrioyamdes. Potassium 
permanganate is decolorized, and a brown precipitate of hydrated manganese 
dioxide is formed Brucine and diphenylamine give s imil ar colorations with 
chlorites and chlorates ; and the reagents foT the nitrites give similar colorations 
with the chlorites. Solid ohloxiteB deflagrate with sulphuric aoid more energetically 
than do the chlorates M. Brandau found that the chlorites, when heated, gave a 
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chloride and oxygen with the intermediate formation of a chlorite as well as 
chloride 

Bromons acid. — A H Richards 6 stated that while the addition of an excess of 
a cold aq soln. of silver nitrate to bromine water produces hypobromous acid, on 
ad din g a large excess of bro min e water to a soln of silver nitrate, it is probable 
that the hypobiomous acid, HOBr, first formed : Br 2 + AgN 0 3 +H 2 0 =H0 Br 
+AgBr+HN0 8 , and the hypobromous acid is subsequently oxidized to bromous 
acid: 2 AgN 0 3 -f-HOBr +Br 2 +H 2 0 =HBr 0 2 +2 AgBi +2HN 0 8 . The excess of 
bromine can be removed by a stream of air , or by shaking with carbon disulphide. 
Analyses show that the ratio of the bromine to the oxygen in the solute is approxi- 
mately as 1 : 2 The absence of hypobromous acid shows that the product is not 
a mixture of hypobromous and bromio acids. Attempts to make bromine tnoxide, 
Bi 2 0 3 , or bromous anhydride , have not been successful. 

Iodine trioxide. — In 1859, T. Andrews andP. G. Tart 7 found that ozone immedi- 
ately attacks iodine, forming a greyish-yellow powder, and the ozone is destroyed 
without change of volume It has been stated that the powder is iodine monoxide, 
I 2 0, but J. Ogier’s analysis of the light yellow dust, obtained in small quantities 
by the action of a mixture of oxygen and ozone upon iodine vapour, corresponds 
with the formula I 2 O s The powder is very deliquescent , it is decomposed by water, 
forming iodic acid and iodine, and by heat into iodine and oxygen, with a small 
residue of iodic acid J. Ogier demonstrated the various stages in the oxidation 
of iodine by passing an electric discharge continuously through a tube containing 
oxygen and the vapour of iodine. In the lowest part of the tube is a layer 
of this oxide, and then follows iodine dioxide, I0 2 or I 2 0 4 , iodic anhydride, 
I 2 0 5 ; and periodic anhydride, I 2 0 7 . P. Chretien prepared yellow crystals 
of a compound to which he assigned the formula : 2S0 3 2I 2 0 3 H 2 0, i e . basic 
iodine sulphate, (IO^SO* |H 2 0, by dissolving iodine m a hot soln of iodic acid 
in sulphuric acid, or by heating a soln, of iodic acid in sulphuric acid to 250°-260°. 
The sulphate also crystallizes from a soln of this oxide m cold cone, sulphurio 
acid This substance is decomposed by water mto iodine, iodic acid, and sulphuric 
acid. The action of water is taken to be 3l20 3 +H 2 0=2l 2 05+2HI , and I 2 0 5 
+10HI=6I 2 +5H 2 0, so that the end products are 5I 2 0 s =3l 2 0 5 +2I 2 . J. Ogier’s 
oxide decomposes m a similar manner. P. Fichter and P. Rohner made a similar 
compound by treating a sat soln of iodine in chloroform with 8 per cent ozone ; 
and by treating powdered dry iodine with ozone at 40° to 50° ; their analyses agree 
better with the formula I 4 0& than with I s 0 3 , 1 2 0 4 , or I s 0 7 , and they consider the com- 
pound to be an lodate of tervalent iodine, viz. iodine iodate, I(IO a ) 3 , and represent 
the action of water to involve first the formation of iodic acid and iodine tri- 
hydroxide • I(I0jj) 3 -f3H 2 0=I(0H) 8 +3Hl03, followed by the decomposition of the 
trihydroxide . 3I(OH) s — 2HI0 8 +HI +3H 2 0 , and iodine separates by the inter- 
action of the lodio and hydriodic acids. P. Pichter and P. Rohner’s oxide begins 
to lose iodine at 75°, and it decomposes vigorously at 120°-130° ; it reacts violently 
with phenol, evolving the vapours of iodine 

H Landolt assumes that iodous add, HI0 2 , is momentarily formed as an inter- 
mediate product m the reaction between iodic and sulphurous acids : S0 2 +HI0 3 
— SO3+HIO2 , followed by S0 2 +HI0 2 ==S0 s +HO 1 , and by S0 2 +H0I=S0 s 
+HL According to E Brunner,* an lodite is always produced as a transient 
intermediate stage m the formation of iodates. Iodous acid has not been isolated, 
and its formation in these reactions is hypothetical It is also very doubtful if the 
oxide formed by the oxidation of iodine with ozone can be regarded as the anhydride 
of iodous acid, HR3 2 . 

Several oxidized compounds ot iodine have been reported at various times No 
doubt many of them are mixtures of iodic or periodic acids or anhydrides with iodine, 
etc For example, there is (1) N. A E Millon’s 8 oxyde souahypcyiodtque , I 10 O ]9 , t.e 
1*0 7 4I 9 0 8 , iormed as a yellow powder by the aotion of sulphuric acid on iodic acid 
Millon regarded this oxide as hypoiodic anhydride, I a 0 4 or IO a> mixed with a little iodous 
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anhydride, I 2 0^ ; hut according to H Keppeler, it is the basic iodine lodate, 1 2 0 4 
(2) L Sementmi’s product of the distillation, of a mixture of iodine and potassium chloiate 
which F. Wohler showed to be impure iodine chloride; and (3) Sementmi’s iodine oxide obtained 
by passing a mixture of iodine and oxygen through a red hot -tube, or the distillation of 
a mixture of iodine and banum peroxide was shown by L Gmelrn 9 to be nothing but 
sub lim ed iodine (4) E Mitscherhch’s oxide, 10 (NaO) a OI 3 10H 2 O, obtained by the 
spontaneous evaporation of a soln of iodine in a soln of sodium hydroxide or carbonate, 
and which, according to F Penny, is probably a mixture of sodium iodide and lodate 
Nal and NaIO a (6) A Michael and W T Conn’s product, 11 HI,O a , i e HIO s (I 2 ) 3 , 
obtained by the action of iodine on anhydrous perchloric acid This substance is hydro- 
scopic and reacts with water, forming iodine and iodic acid : it is decomposed by heat mto 
iodine and iodic acid (6) H Kammerer’s I 6 0 1S is formed as a brown powder 12 when 
iodine dioxide is left exposed to moist air It is a mixture of iodine di- and pent-oxides 
(7) Iodine reacts with ozone, forming a deliquescent oxide approximating m composition 
to I 4 0 9 , and is sometimes regarded as iodine lodate, I“(I0 3 ) 3 This substance hydrolyzes 
m contact with water, forming iodic and hydnpdic acids, and finally iodine and iodic acid • 
5I 4 0 9 +9H s 0=18HI0 a *-!-I 3 . 
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§ 8. Chlorine Di- or'Per-oxide. 

In 1802, R. Chenevix obtained indications of the existence of a compound of 
oxygen and chlorine (oxy muriatic acid), in the yellow gas which he obtained by the 
action of sulphuric acid on potassium chlorate, and which he regarded hyperoxygemzed 
muriatic acid . W. Cruiokshank made a similar observation In a paper 1 On a 
combination of oxymunabic acid and oxygen gas (1811), H Davy described a e ‘ peculiar 
gas ** to which he gave the name euchJorine ot euchlonc gas — from ev, very , ^Xxopos, 
green — on account of its possessing a deeper yellowish-green colour than chlorine. 
This gas was prepared by gently warming a mixture of potassium chlorate with 
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an equal weight of hydrochloric acid diluted with its own weight of water. Por a 
time the gas was supposed to be chlorine monoxide, and even chlorine trioxide, 
but E Soubeiran showed that it is more likely to be a mix ture than a definite 
compound because, when passed over mercurous chlonde chlorine is absorbed, 
and chlorine dioxide, discovered by H Davy in 1815, rem ain ed. Mercury, copper, 
and antimony, which so readily bum in chlorine, are not acted upon by the cold gas ; 
this might make it appear as if the gas does not contain free chlorine, but H Davy 
also found that a mere mixtuie of chlorine dioxide and chlorine did not act immedi- 
ately on copper leaf In 1875, L Pebal definitely proved that euchlorine is a 
mixture of chlorine dioxide with variable amounts of chlorine ; and similar remarks 
apply to clilorochlonc oxides — CloO^ and C1 6 0 17 — of NT. A E Millon (1843). 
In 1815, in an investigation . On the action of acids on the salts usually called hyper- 
oxymwnates, and on die gases produced from them , H. Davy 2 announced the dis- 
covery of a gas now known as chlonne dioxide ox chl&nne peroxide — chlorine teti oxide, 
Bioxyde de chloie , Ghloidioxyl, Chlo? peroxyd, and formerly called hypochlonc acid, 
or even chlorous acid H Davy made the gas in the following manner : 

Powdered and dry potassium chlorate is rubbed with a small quantity of sulphuric 
acid, by means of a platinum spatula until the one was mcoiporated with the other, and a 
solid mass of a bright orange colour was formed This mass was introduced into a small 
glass retort, and gently warmed by a water bath A bright yellowish -green elastic fluid 
arose from the mixture, which was rapidly absorbed by water, giving to it its own tint, but 
which had no sensible action on mercury To make the experiment without danger, not 
more than 3 to 4 grins of potassium chlorate should be employed, and great care should 
be taken to prevent any combustible matter from being present, and the water-bath should 
not be permitted to attain a temp equal to 100° 

A little while afterwards, I. von Stadion independently announced the discovery 
of the same gas He said : 

The rapidity with which sulphuric acid decomposes potassium chlorate is well known 
If s m al l quantities of the salt are treated with the acid, with the precaution of fusing the 
salt m the retort and, when cold, pouring sulphuric acid on the mass, the violence of the 
reaction is reduced, and, at a convenient temp , a gas is disengaged which can. be collected 
over mercury, and which is designated deutoxida of chlorine The residue in the retort 
contains potassium sulphate, and sparingly soluble unknown salt of a new acid (perchloric 
acid) 

The preparation of chlorine dioxide. — In the reaction between sulphuric acid and 
potassium chlorate it is assumed that chloiic acid, HC10 S , is first formed JLQlO s 
+H 2 S 04 =KHS 04 +HC 103 ; and the chlonc acid then decomposes into perchloric 
acid, HC10 4 , and chlorine dioxide: 3HC10 3 =HC10 4i + 2 C10 2 +H 2 0 . The purer 
and drier the chlorate the less the risk of explosion. All traces of organic matter 
must be excluded * The whole of the apparatus must he of glass — without rubber 
or cork stoppers or connections The gas is more liable to explode in hght than 
in darkness. N. A. B. Millon’s directions 3 for preparing this explosive compound 
are : 

About 100 grms, of sulphuric acid in a platinum dish are cooled by a freezing mixture 
of snow and salt From 15 to 20 grms of dry powdered potassium chlorate are added 
rn small quantities at a time with a thorough stirring by means of a glass rod after each 
addition The contents of the d ish form a thick oily liquid which is poured through a 
long -stemmed tunnel into a glass flask with a long drawn-out neck and of such a size bhat 
the flask is about one- third rilled The flask is well cooled, and great care is necessary to 
keep the neck of the retort free from the oily liquid. A piece of glass fcubmg of the same 
diameter as the drawn-out neck of the flask and fitting closely, glass to glass, is kept m 
place by rubber tubing The flask is then placed, m a water-bath and the temp, slowly 
raised to 20° , and later on to between 30° and 40°. The gas can be coll eo ted by the 
upward displacement of air in small dry flasks, or it can be liquefied by passing it through 
small U -tubes surrounded by a freezing mixture of snow and salt The preparation is 
best conducted in a room illuminated by gas-light Not more than 2 or 3 drops of the 
liquid should be collected in each U -tube The gas contains some chlonne ana oxvgen 
as impurities e 
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V. A. 3 acquelam heated a mixture of potassium chlorate and sulphuric acid diluted 
with its own volume of water m a long-necked flask m a water-bath at 70°. The 
flask was arranged so that half the neck was immersed in the water A. Reychler 
has a safe method of preparing an aq soln of the gas by floating a dish containing 
potassium chlorate and dil sulphuric acid, upon water in a larger dish, and covering 
the whole with a bell-jaT. The water in the larger dish absorbs the chlorine peroxide 
as it is given off from the mixture in the smaller dish. 

The gas can also be prepared by reducing potassium chloiate with oxalic acid, 4 
or with vanadic acid 6 According to W Bray, a regular stream of chlorine dioxide 
is evolved without danger when a mixture of 40 grms of powdered potassium 
chlorate, 150 gims of crystallized oxalic acid, and 20 grms of water is warmed 
in an oil bath to 60° 

The properties of chlorine dioxide. — Chlorine dioxide is a reddish-yellow gas 
wibh an unpleasant smell which produoes headache , very dil aq soln have a 
smell which is not unpleasant, and which has been likened to ozone. M Earaday 6 
liquefied the gas m 1823 and solidified it to an orange-red crystalline mass resembling 
potassium bichromate The melting point of the crystals is —76°, and they freeze 
again at -—79°. According to L Pebal and G Schacherl, the boiling point of the 
liquid is between 9° and 9 9° (731 mm ) If contact with organic matter is avoided, 
the liquid can be distilled The density of the gas, air unity, is 2 330 according to 
L. Pebal, and 2*3984 at 11° according to G Schacherl The absorption spectrum 
of the gas, according to D. Gernez, 7 has hues m the blue and violeb G D. Liveing 
and J Dewar found mne shaded bands between 373 and 210/jl/jl, and some still 
feebler The liquid absorbs the blue and violet completely ; the gas is completely 
transparent in the ultra-violet. 

The gas remains unchanged in darkness, but is gradually decomposed m sunlight. 
It detonates when rapidly heated to 100° , when subjected to electric sparks ; or 
when shaken with mercury Two volumes of the gas furnish one volume of chlorine 
and two volumes of oxygen : 2C10 2 =Cl 2 +20 2 The aq soln. is fairly stable in 
darkness ; m sunlight, it decomposes rapidly m a few hours ; and slowly in diffused 
daylight into cldonc acid, HC10 3 , chlorine, oxygen. 6C10 2 +2H 2 0==C1 2 +0 2 
+4HC10 3 Some perchloric acid is formed at the cost of the chloric acid : 2HC10 3 
+0 2 =2H01C)4. The presence of chlorides accelerate the rate of decomposition 
such that a soln with 0 15 mol. of chlorine dioxide suffered a 2 per cent decomposi- 
tion in five weeks in darkness at 0°, while with a normal soln. of chloride, there 
was a 70 per cent, decomposition In the presence of chlorides the reaction is 
represented : 6C10 2 +3H 2 0— 5HC10 3 +HC1 ; the velocity constants follow the 
relation d[C10 2 ]/<fe= — E£C10 2 ] 2 [HC1], and accordingly it is inferred that there is 
a slow reaotion : 2010 2 +H 2 0+HC1=2HC10 2 +HOC1, followed by a rapid change : 
6HQ0 2 +3HOd=5HC10 3 +4HCl. Platinized asbestos also accelerates the 
reaotion like chlorides In the presence of chlorine, the reaotion progresses : 
d0 2 +4Cl2+H 2 0=HC10 8 +HCl, with the side reactions : 6C10 2 +3H 2 0=5HC10 3 
+HC1, and 3C1 2 +3H 2 0=HC10 8 +5HC1 At 60° another reaction C10 2 — -JC1 2 +0 2J 
sets in Consequently, the decomposition of aq soln. of chlorine dioxide is very 
complex, for there are (l) 2C10 2 =01 2 +20 2 , which is accelerated by raising the 
temp, or exposure to sunlight ; (n) 6C10 2 +3H 2 0=5HC10 3 -|-HC], which is accelerated 
by the presence of chlorides or by platinum; (m) 2C10 2 +C1 2 +2H 2 0==2HC10 8 
+2HC1, which is accelerated by chlorine , (iv) 3Cl2+3H20==HC10 3 +5HCl, which 
is accelerated by platinum or chlorine dioxide ; and (v) 2C1 2 +2H 2 0=4HC1+ 0 2 , 
which is accelerated by light. M Blundell 8 found that a mixture of chlorine dioxide 
with 2$ times its volume of hydrogen detonates when sparked, or exposed to the 
action of platinum sponge, and H. B. Dixon and E. J. Russell found the gas also 
explodes when mixed with carbon monoxide According to H. B. Dixon and 
J A. Darker, the explosion wave with a mixture of 53*6 per cent, of chlorine dioxide 
with 46 6 per cent of oxygen is 1126 metres per second , and with 36 per cent of 
oxygen, 1126 metres per Becond Mercury slowly absorbs chlorine dioxide, forming 
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mercuric chloride, HgCl 2 , and mercurous chlorate, Hg010 8 . Chlorine peroxide is 
a powerful oxidizing agent — a piece of phosphorus, sulphur, sugar, or other com- 
bustible takes fire spontaneously in the gas, or produces an explosion. 

Two well-known experiments may be cited to illustrate this Place some crystals of 
potassium chlorate at the bottom of a test glass, and half fill the vessel with water A 
few small pieces of yellow phosphorus are dropped into the glass, and cone sulphuric acid 
is allowed to flow through a tube funnel on to tho chlorate The bubbles of chlorine 
peroxide which are evolved produced bright flashes of light when they come m contact 
with the phosphorus under the water Again, powdered sugar and potassium chlorate 
are mixed with a feather on a sheet of paper and placed on a stone slab When a drop 
of sulphuric acid is allowed to fall upon the mass, the ehlonne peroxide which is formed 
ignites tho sugar, and the flame rapidly spreads throughout the mass. Mixing the chlorate 
with turpentine, alcohol, ether, carbon disulphide, or fat oils gives similar results 0 

The aq. soln. forma with sulphur dioxide two mols. of hydrochloric and five ol 
sulphuric acid Sulphuric acid at —18° dissolves 20 volumes of chlorine dioxide, 
and is coloured yellow, any excess of chlorine dioxide is liquefied and floats on the 
soln When the liquid is removed from the freezing mixture, it becomes red, and 
between 10° and 15° gives ofl chlorine and oxygen, and perchloric acid remains m 
the liquid According to H. Kammerer, bromine does not act on the gas or the 
aq Boln ; iodine behaves similarly with the gas, hut there is a slight action with 
the aq. soln Iodine separates from an acidified soln. of potassium iodide : 
2G10 2 +10HI=2Ha+4H 2 04-5l2 5 i* neutral soln. : 6C10 2 4-10KI=4:KI0 8 

+6KC1+3I 2 ; and in the bicarbonate soln. : 2C10 2 +2KI =2KC10 2 +I 2 , whereby 
80 per cent of the chlorine dioxide is converted into the chlorite With ammonia* 
the gas decomposes at ordinary temp. With the other bases — e g. dil. potash 
lye — it forms a mixture of eq parts of chlorite and chlorate, with cono. aq soln. 
of the solid hydrate and cone potash lye, an explosion may occur. A drop of solid 
potassium hydroxide causes liquid chlorine dioxide to explode. According to 
A. Reychler, equi-molecular quantities of chlorine dioxide and potassium hydroxide 
soln. react : 2C10 2 +2KOH=KC102+KC10g+H 2 0, along with the side reactions : 
2C10 2 =C1 2 +2 0 2) and Cl 2 +2K0H— KC1+X0C1+H 2 0 With an excess of potas- 
sium hydroxide the reaction is faster, with potassium acid carbonate, slower. With 
sodium peroxide, there is a very fast reaction : Na 2 0 2 +2C102=2NaC10 2 -t-0 2 . 
According to E Furst, potassium permanganate is reduced and chlonc acid is 
formed : KALQO4+SCIO2 +E 2 0 =Mn0 2 -)-KC10g-l-2HC10g The reaction with 
nitrites is not 2GL0 2 +H 2 0+5KN0 2 =5EJTO 3 +2HC1, as M. Brandau supposed, 
hut rather, according to W. Bray, 2C10 2 +H 2 0 +KN0 2 ==KN0 3 +2HC10 2 , which 
is shown to be a well-defined stage of the reaotion if the soln contains acid oarbonates 
in which the chlorous acid is fairly stable. In acid soln , however, a yellow colour 
appears in consequence of the consecutive reaotion: HC10 2 +2KN0 2 =2KN0 3 
+HC1. Some chlorous acid is also converted into chlonc acid. Chlorine dioxide 
reacts with zinc : Zn+2C10 2 =Zn(Cl0 2 ) 2 , with ferrous sulphate: 2C10 2 +10FeS0 4 
+5H 2 S0 4 =2HCl-|-5Fe 2 (S04)3 _|^4H 2 0 . More chlorine dioxide is consumed than 
corresponds with this equation because some chloric acid is formed. Here probably 
chlorous acid HC10 2 is first formed, which subsequently decomposes into chlonc 
and hydrochloric acids ^ With sodium aisenite : 2C10 2 +H 2 0+5H 3 As03==5H 8 A80 4 
+2HC1 ; this reaction is not quantitative since some chlorate is formed. Indigo, 
litmus, and other organic colouring agents are deoolonzed by ehlonne dioxide. 
Chlorine dioxide dissolves in water, forming a dark green soln. Water at 4° dis- 
solves 20 times its volume of gas Ab low temp., N A E. Millon noticed the 
formation of a yellow hydrate which loses much gas during its melting. W. Bray 
prepared the hydrate by pouring the hquid dioxide into water at 0°, and represented 
it as a octohydrated chlorine dioxide : C10 2 8H 2 0(±H 2 0). This hydrate decom- 
poses at 18 2°. The equihbnum conditions are illustrated by Fig. 7. The eutectic 
temp, between ice and the hydrate is —0 79°. The solubility of liquid chlorine 
dioxide below 18 2° is greater than that of the hydrate , at 18 2° the two solubilities 
vol n. 



290 


INORGANIC AND THEORETICAL CHEMISTRY 


are the same, and at this quadruple point, liquid, hydrate, solution, and vapour 
are in equilibrium. At 18 2°, the hydrate is transformed into the liquid dioxide ; 

below 18 2°, the hydrate is stable ; above 



Gmm molecules U0 Z per litre 


Fig 7.- — -Eq uili brium Conditions of Chlorine 
Dioxide and Water — W Bray. 


18 2°, the liquid dioxide is stable — when 
the press is enough to prevent the liquid 
boiling. The solubility of the liquid 
dioxide decreases with rise of temp., 
while the solubility of the hydrate in- 
creases W. Bray obtained a white 
compound of the hydrate of chlorine 
dioxide analogous to one obtained by 
A A Jakowkin with chlorine The 
partition coeff of chlorine dioxide be- 
tween carbon tetrachloride and water, 
CcciJC-b. 2 o> between 1 27 and 1 17 
at 0 and between 1 69 and 1*60 at 25° 


The molecular state of the dioxide is the same in both liquids, and therefore 
chlorine dioxide is not hydrolyzed in aq sola 

Composition. — H Davy analyzed this gas by explosion over mercury, and 
although a little chlorine was absorbed by the mercury, he concluded that the gas 
is composed of two vols. of oxygen and one vol. of chlorine condensed mto the space 
of two volumes In symbols, 2C10 2 (2 vols )=C1 2 (1 vol )+20 2 (2 vols ) This con- 
clusion was confirmed by J. L Gay Lussac, who determined the composition of chlorine 
dioxide bypassing the gas through a capillary tube with three bulbs of known capacity. 
The capillary tube was heated before the gas entered the bulbs. Decomposition 
took place in the capillary tube without explosion The bulbs therefore contained 
the decomposition products of the chlorine dioxide — chlorine and oxygen. The 
chlorine was determined by absorption with potassium hydroxide and the oxygen 
in a gas-measunng tube It was found that 100 volumes of the dioxide furnished 
67 1 volumes of oxygen and 32 9 volumes of chlorine. Hence it was inferred that 
the simplest formula of chlorine dioxide is C10 2 Further confirmation was obtained 
by L Pebal, who heated the gas in a glass cylinder until it decomposed , the 
chlorine was determined by the potassium iodide process The volume expansion 
on decomposition was 2 : 3 05 ; the ratio of the volume of chlorine to that of oxygen 
was 1 : 2 09 ; and the ratio of the volume of oxygen to the expansion 1^6:1. 
Thus, the chlorine in chlorine dioxide appears, at first sight, to be di- or quadri- 
valent. Chlorine in virtually all its other compounds has an odd valency To 
overcome the difficulty, it was supposed that this formula must be doubled, and 
the formula was written C1 2 0 4 until L Pebal and G Schacherl had measured the 
vapour density of the gas and found it to he m harmony with the formula C10 2 . 
According to W. Bray, the mol wt of the gas in water, and m carbon tetrachloride, 
as solvents, agree with the formula C10 2 

There is no evidence of the existence of homine dioxide beyond H. Kammerer’s 10 
unverified statement that in the disbillation of 4 per cent, bromic acid, the distillate 
in some cases contains less oxygen than corresponds with bromic acid, and had the 
atomic ratio Br : 0 2 If this be the case, the product soon decomposes into bromic 
acid and bromine or hydrogen bromide. 
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§ 9. Iodine Di- or Tetra-oxide. 

This product was prepared by N A E Millon 1 in 1844, and later by 
H ^ Kammerer by the partial reduction of iodic acid , and also by the incomplete 
oxidation of iodine with nitric acid N. A. E. Millon called it anhydride hypozodigue, 
and by analysis he established its composition to be that represented by the formula 
I0 2 or I 2 0 4 At present there is nothing to decide between these formulae excepting 
a formal analogy with ohlorine dioxide, C10 2 . F. Fichter and F. Rohner write the 
formula I 2 0 4 and assume it is a basic iodine iodate, 0 : 1 IO s The iodine oxides, 
J-io 0 j 9 an( I I 6 ^ 13 j reported by N A E Millon (1844) and by H Kammerer (1861), 
appear to be identical with basic iodine iodate, I 2 0 4 , or IO(IO s ). The oxide, I 4 0 9 | 
was reported by F Fichter and F Rohner to be formed as a yellowish-wbite pre- 
cipitate by the action of ozonised oxygen on a sat soln. of iodine in chloroform, or 
by the action of ozone on powdered iodine at 40°-50° ; it may be iodine iodate, 

t(I0 3 ) 8 . 

The preparation of iodine dioxide. — N A E Millon’s method of preparation 
by the reduction of iodic acid, modified by M M P. Muir, is as follows : 

Heat in a platinum diah an intimate mixture of 60 grms. of powdered iodic acid and 
200 grms of cone sulphuric acid. Stir the mass frequently When oxygen has been evolved 
freely for a few minutes, and the mass is dark brownish-yellow, lower the flame, and stop 
the heating as soon as the violet vapour of iodine appears. Keep the dish over sulphuric 
acid for 4 or 5 days Drain the liquid portion away from the yellow crystalline crust, 
and wash the powdered mass with a little of the liquid into a funnel fitted with a plug of 
glass wool, and drain the mass with the aid of the suction pump Keep the solid on a dry 
porous tile m a desiccator for about a week ; the solid is occasionally removed, rubbed to 
powder, and replaced on the tile If a Little of the solid, when shaken for a minute or 
two with a little cold water, loses no more than a trace of iodine, the yellow solid is trans- 
ferred to another funnel fitted with a glass wool plug and a suction attachment, and washed 
by about five or six successive additions of small quantities of cold water until the washings 
are free from sulphates; then with small quantities of alcohol until the washings are 
colourless , and about three times with dry ether The solid is kept on a porous tile in 
a desiccator over dry lime for a few days, and finally dried at 100° A 30 per cent yield 
on the iodic acid originally employed can he obtained 

According to N A E Millon, 2 when dry finely powdered iodine is treated with 
ten times its weight of the most cone, nitnc acid, a voluminous yellow powder is 
obtained which can be dried on a porous plate , it contains iodine, oxygen, and 
nitnc acid, and was regarded as nitroso-iodtc acid If the iodine nitrate is treated 
with a current of dry carbon dioxide or air, or dried on a porous tile over lime so 
long as nitrogenous fumes are given off, it is decomposed into iodine dioxide and 
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nitrogen oxides The iodic acid and iodine can be removed by washing with water 
and with alcohol. 

H K amm erer supposed Millon’s nitxoso-iodio acid to be a mtxoso-denvative of 
iodine pentoxide, viz. I 2 0 4 (NO) 2 , but he gave no analyses in support of his hypo- 
thesis H. Kappeler prepared Millon’s nitroso-iodic acid, using nitnc acid of 
sp gr 1*52 , and his analyses fit the assumption that the formula of the compound 
corresponds with either iodine nitrate, I(N0 8 ) 8 , or basic iodine nitrate* IONO a — 
iodine tervalent Consequently, m the oxidation of iodine, or m the reduction of 
iodic acid, when water is excluded as much as possible, the reaction ceases as soon 
as the tervalent iodine compound is produced Thus, in the oxidation of iodine 
(1) with ozone — E Fichtex and E. Rohner’s iodine iodate, I(I0 3 ) 3 , is formed , (u) with 
nitric acid — H. Kappeler’s iodine nitrate, I(NO s ) 3 , or 0 : I.N0 3 , is formed , and in 
the reduction of iodic acid (i) with cone sulphuric acid — P. ChT^tien’s basic iodine 
sulphate, (I0) 2 S0 4 .pC 2 0, or (ii) with sulphur dioxide forming an iodine sulphite 
and sulphate P. Chx6tien has prepared a number of other crystalline sulphates 
— corresponding with 2S0 s 2H 2 0.2I 2 0 4 ; S0 3 H 2 0 I 2 0 4 .10I 2 0 5 , and 2S0 s .2H 2 0 
2I 2 0 4 .I 2 05. An iodine acetate, I(C 2 H 3 0 2 ) 3 , was prepared by P. Schutzenberger, 
and H Kappeler by the action of chlorine monoxide on a soln of iodine m glacial 
acetic acid If iodic acid he dissolved in a soln of hydrofluoric acid m glacial acetio 
acid, and the soln. cone by evaporation, colourless acicular crystals with a com- 
position iodine oxy-fluoride, IOE s 5H 2 0, or IE 3 (OH) 2 4H 2 0, are obtained. The 
crystals give off fumes of hydrogen fluonde in moist air. 

The properties of iodine dioxide. — Iodine dioxide is a lemon-yellow solid which 
separates from its soln m hot cone sulphuric acid m minute crystals which are not 
hygroscopic. The salt prepared by E. Eichter and E Rohner deliquesced m air, 
forming a black syrup , iodine vapours were slowly evolved, and crystals of iodic 
acid remained The compound decomposed slowly at 75°, and rapidly at 120°-130°. 
The specific gravity at 10° is 4*2 (water at 10° unity). Iodine dioxide reacts slowly 
with cold water and quickly with hot water to produce iodine and iodic acid : 
5I 2 04+4H 2 0=8HI0 3 +I 2 ; it is insoluble, and is not acted upon by dry ether or 
glacial acetic acid, and it dissolves very slowly and slightly in acetone and mono-* 
chloracetic acid. It reacts with an aq. soln. of oxalic acid, H 2 C 2 04, m the presence 
of sulphuric acid at 100°, forming iodine, water, and carbon dioxide . I 2 0 4 
+4H 2 ^0 4 =I 2 +4H 2 0+8C0 2 It reacts very slowly with alcohol, forming iodine 
pentoxide, and iodine passes into soln Cold nitric acid, dil or cone , converts 
iodine dioxide into iodine and iodic acid , cold oono hydrochloric acid forms a 
yellow soln which gives off chlorine , no xodme is separated, and the soln. probably 
contains lodio acid and iodine chloride, hut, after boiling, the iodic acid is aD. decom- 
posed Cold dil sulphuric acid acts Blowly on iodine dioxide, forming iodine and 
iodic acid , boiling dil sulphuric gives the same result as boiling water. Cold 99 
per cent, sulphuric acid dissolves the compound slowly — at 15°-20°, 100 c.c. of the 
acid dissolve 1*54 gxms of iodine dioxide; sulphuric acid, H 2 S0 4 H 2 0, dissolves 
lodme dioxide more freely than the 99 per cent acid The soln. in cone sulphuric 
acid deposits crystals of what has been called Milton's sulphate , which E Eichter 
and E, Rohner consider to be a mixture of iodine pentoxide and I 2 0 3 .S0 3 JH 2 0. 
When the soln with fuming sulphuric acid is heated, it becomes green and then 
yellow — no iodine is given off, but a yellow solid (93 per cent, iodine dioxide with 
some pentoxide) is deposited on cooling. There is no evidence of the formation 
of a compound of iodine dioxide and sulphuric acid, but if iodine dioxide be sat. 
with the fumes of sulphur tnoxide and then kept in a desiccator for some days, a 
compound 1 2 0 4 .3S0 3 is formed. 

This product w a pale yellow hygroscopic solid, which can be kept unchanged for 
months. It gives o ft oxygen, iodine, and sulphur tnoxide at about 120°, but at 190 a 
the residue still retains some sulphur tnoxide The compound Ij 0 4 .3S0^ dissolves in 
a large quantity of water with decomposition, forming iodine, iodic and sulphuric acids. 
It forms a yellow soln. in well-cooled alcohol, and the alcoholic soln on evaporation at 
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ordinary temp, gives crystals of iodic acicL Ether removes the sulphur trcoxide and 
leaves iodine dioxide behind 

H Kappeler made a similar sulphate by reducmg Bolid iodic acid with dry sulphur 
dioxide- Aq potassium hydroxide reacts with iodine dioxide to form potassium 
lodate and iodide : 6IO 2 +6K0H=5KIO a +KI+3H2O. The oxide I 4 0 9 is thought 
to he lodme iodate, with tervalent iodine, namely, I(I0 3 ) 8j for it reacts with water, 
forming what is thought to be iodine hydroxide , I(OH) 3 , and iodic acid : I(IO s ) 3 
+3HgO =3HI03+I(QH) 3 a the iodine hydroxide then breaks down by a slow reaction 
into iodic and hydriodic acids 3I(0H) 3 =2HI03+HI+3H 2 0, and these acids 
then react with the liberation of iodine — vide supra The salts of iodine are also 
hydrolyzed by water, forming iodine iodate, which in turn is decomposed as just 
indicated The reactions are very slow, so that the iodic acid formed may have 
time to react with the undecomposed salt, for min g a basic iodine iodate, IO(IO s ), 
thus. (I02)S0 4 +2HI0 3 =2(I0 3 )I0 s +H 2 S04 , with iodme acetate, however, the 
decomposition by water is too fast to permit the formation of basic iodine iodate m 
this manner 
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§ 10- The Halogen Pentoxides 

Neither bromine nor chlorine pentoxide is known, but iodine pentoxide is a 
relatively stable compound. This is in agreement with the estimated heats of 
formation • ClgOsaq, —20 5 Cals , Br 2 0 6aq —43 3 Cals , l 2 0 5a q. +43 75 Cals. 
Hence, while the two first-named oxides are strongly endothermal, the last-named 
oxide is strongly exothermal Iodine pentoxide was almost simultaneously and 
independently made by J. L Gay Lussac 1 and H. Davy in 1813 H Davy made 
this binary compound by oxidizing iodine with euchlonne dried by muriate of 
lime The iodine assumes a bright orange coloration, and, by the application of 
a gentle heat, iodine chloride is volatilized, and there remains a compound of iodine 
and oxygen which he called oxyiodine. The acid which oxyiodme forms with 
water was called oxiodic acid These names are now changed to iodine pentoxide 
and iodic acid respectively. Iodme pentoxide, I 2 0 e , is also called iodic anhydride 
because it reacts with water to form iodic acid 

The preparation ol iodine pentoxide. — Iodme pentoxide is formed by oxidizing 
iodine, or by dehydrating iodic or periodic acids, J Ogier formed small quantities 
of this oxide by oxidizing iodine vapour mixed with oxygen exposed to a silent 
electrical discharge ; it is also formed when ozone is led into a soln of potassium 
iodide , and, according to G Salet, when iodine is passed through the hydrogen 
flame, iodme pentoxide is one of the products of combustion 

H Basset and E Field in g 2 formed iodine pentoxide by the oxidi zing action of 
gaseous chlorine monoxide, or of a soln of chlorine monoxide in carbon tetrachloride, 
upon iodme chlorine- 5C1 2 0+2IC1 8 =I 2 0 5 +8C1 2 , A Michael and W. T. Conn 
formed the same oxide by oxidizing iodine with chlorine heptoxide, Cl^Q? ; the 
resulting white powder decomposes into iodine pentoxide at about 110°. M G-uichard 
obtained a 40 per cent, yield by wetting iodine with fuming nitric acid, and spreading 
it m a tube through which nitric anhydride is passed. 

Iodme pentoxide, however, is most conveniently prepared by the dehydration 
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of iodic acid at comparatively low tamp. There is no sign of any sublimation 
even when the heat iB carried to the point of decomposition. The water of composi- 
tion may be driven from the iodic acid without fusion. G P Baxter and G. S Tilley 
found that if the powdered iodic acid be heated slowly at 110°, all the water may 
be expelled if the time of heating be prolonged If the acid be rapidly heated, it 
melts at 110° with the separation of a solid phase, I 2 0 5 HlOg, which shows no 
indications of melting up to about 250° though it still contains up to 0 006 per 
cent, of moisture 

The material is best heated in a tube between 90° and 110° so that the first portion of 
the water may be expelled without fusion The temp is then raised to 220°, and the 
operation concluded by a 4 hTS heatmg at 240°, dry and purified aar is passed through the 
tube during the operation If fusion occurs before dehydration, some iodic acid may be 
enclosed within an impervious coating of anhydrous Balt, and the escape of water pre- 
vented 8 If the air is inadequately dried, the iodine pentoxide may become brown, probably 
owing to the liberation of iodine ; and a similar result is obtained when the temp rises 
over 250° 

N. A. E.Millon and 0 Rammelsberg 4 made iodine pentoxide by dehydrating iodic 
acid with sulphuric acid at about 170° P. Chretien found that sulphuric acid 
dissolves about one-fifth of its weight of iodic acid at 200°, but oxygen is always 
evolved, showing that some decomposition occurs at this temp If the soln. be 
poured into a porcelain crucible containing a little fuming nitric acid, colourless 
crystals of iodine pentoxide are formed The crystals contain 2 to 3 per cent, of 
sulphuric acid , most of this can be removed by finely powdering the crystals and 
redrying them on porous tiles 0 F Rammelsberg also prepared iodine pentoxide 
by the action of sulphuric acid on barium lodate, which M Guichard found gave 
an impure product on account of the solubility of barium sulphate m iodic acid 
The material can be purified by adding the aq. soln. to nitno acid of specific gravity 
1'33, and concentrating until iodic acid separates. H. Lescoaur and M Nicloux 
dehydrated iodic acid by heatmg it to 170° with cone or fuming nitric acid 
A B. Lamb also prepared iodine pentoxide by dehydrating periodic acid at 110° 

*The properties ol iodine pentoxide. — Iodine pentoxide is a white powder which 

O. F. Rammelsberg 6 says consists of crystals which have a sharp acid taste Accord 
mg to A. Ditte, the sp gr at 0° is 5‘037 and at 51°, 5 020 , H Kammerer gave 4 799 
at 9° ; G P Baxter and G. S. Tilley at 25° gave 4*799. The coeff of expansion is 
0*000066 between 0° and 51°. The heat of formation 2l BO i 1 d +50 ==I 2 0 & +45029 
cals, at 13° (J. Thomsen), 48000 cals. (M. Berthelot) ; 2Isohd+50+ a q =I 2 05 aQ. 
+43240 cals at 13° (J*. Thomsen), 46400 cals (M Berthelot) The high heat of 
formation is in accord with the relative stability of the pentoxide The molecular 
heat of soln is — 1792 cals at 17° (J Thomsen) ; —1620 cals at 12° (M Berthelot) 

^ At ordinary temp,, iodine pentoxide is decomposed by exposure to sunlight as is 
evident by its colour ; similar remarks apply to radium radiations 6 — tkese reactions 
are endothermal. Iodine pentoxide decomposes slightly when heated to about 
250° in vacuo ; and it decomposes quickly between 300° and 350°, and acquires a 
brown colour According to M Guichard, the brown colour is not removed by 
extracting the solid with caTbon disulphide, benzene, ether, or fuming mtnc acid. 
The conditions for the reversible reaction: 2I 2 +50 2 ^2I 2 05 S oiid 5 are difficult to 
find, smee there are no signs of a reaction between iodine and oxygen at 360° and 35 
atm press ; and the compound is completely decomposed at 370° with a press of 
200 atm. According to M Berthelot, no signs of combination are perceptible at 
500° or at a higher temp , and according to K Wehsaig, the two elements do not 
unite in the presence of platinum sponge or platinized asbestos. According to 
A. Connell, when an electric current is sent through the molten compound, decom- 
position occurs, but it is not clear if this is but a thermal effect 

According to A. Ditte, 7 the iodine pentoxide which has separated from an acid 
soln slowly loses some water at 180°, and rapidly if the powdered substance is heated 
to 200°-210°, and even after heating' to 250°, it may contain up to 0 006 per oenfc. 
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of moisture. The oxide is deliquescent in moist air, and dissolves in water to 
form iodic acid: I 2 0 6 +H 2 0=2HI0a According to H. Kammerer, a gram of 
water at 13° dissolves 1 8/4 grins of iodine pentoxide — i.e. water dissolves nearly 
twice its weight of the solid It is insoluble m ether, carbon disulphide, chloroform, 
and the volatile hydrocarbons 

In virtue of the facility with which it decomposes into iodine and oxygen, iodine 
pentoxide is a strong oxidizing agent The behaviour of this oxide towards the 
different elements and compounds has been investigated by A Ditte As shown 
by H Davy, iodine pentoxide reacts explosively when warmed with carbon, sulphur, 
sugar, resin, and powdered easily combustible elements. It does not react with 
hydrogen at ordinary press, cold nor at its decomposition temp 300°, but in a 
sealed tube at 250°, it forms water and iodine vapour , the same result is obtained 
m the presence of platinum sponge at ordinary temp Chlorine and bromine have no 
action , dry hydrogen chloride at ordinary temp reacts with the development of heat, 
forming iodine chloride and chlorine Cyanogen forms oxygen and iodine cyanide, 
ICy, and the resulting mixture of cyanogen and oxygen detonates Iodine pentoxide 
does not react with carbon monoxide at ordinary temp , hut A. Ditte found 
that if warmed carbon dioxide and iodine are formed : 5C0+I 2 05=5C0 2 +l2> and 
on this reaction A. Gautier has based a method for the determination of carbon 
monoxide from the amount of iodine set free. 8 The reaction is said to be sensitive 
to the presence of carbon monoxide dil with 30,000 times its volume of air. If 
acetylene be present, it reacts : C 2 H 2 +I 2 05:=l2+2C0 2 +II 2 0. Gaseous nitric 
oxide, NO, does not react at ordinary temp , hut a soln. of this gas in cone, sulphuric 
acid reacts slowly at 100°. Ammonia has no action at ordinary temp , but when 
warmed the reaction is symbolized : 3Io05+10NH 3 =5N 2 +3l2+15H 2 0 Hydrogen 
sulphide when warmed with iodine pentoxide forms water, iodine, hydrogen iodide, 
and sulphur When warmed with sulphur dioxide it forms sulphur trioxide. 
According to H. Kammerer, if the reacting substances are quite dry, a compound 
corresponding with 5I 2 0 5 S0 3 is formed with the loss of iodine, which rapidly 
absorbs moisture from the air, and is decomposed by water or aq alkali hydroxide 
— but not with alcohol, ether, or alcohohc potash — with the separation of iodine, 
and the formation of a residual product, IqOxs which he thinks is either 2I 2 0 4 I 2 Og, 
or 21 2 0 3 12O7. A. Ditte denies the existence of this compound, and considers that 
iodine and sulphuric acid are formed by the action of sulphur dioxide on iodine 
pentoxide. When dissolved in sulphuric acid, iodine pentoxide is not attacked by 
sulphur dioxide in the cold or at 100°. In addition to H. Kammerer 5 s 9 5I 2 0 6 S0 3 , 
R. Weber has described a compound I 2 05.3S0 3 , and M M P. Muir a compound 
I 2 0 5 2SO3, formed by the action of iodine pentoxide on sulphur trioxide in a 
sealed tube at 100°. 
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§ 11. The Preparation of Chloric, Bromic, and Iodic Acids, and o! 

their Salts 

About the middle of the seventeenth century, 1658, J R. Glauber 1 described the 
conversion of hydrochloric into nitric acid, and mentioned the preparation of 
saltpetre from common salt J J Winterl (1789) also thought that he had 
transformed hydrochloric into nitric acid by passing the gas obtained by heating 
calcium chloride with pyrolusite — probably chlorine — into potash lye. The salt 
which crystallized out from the lye was thought to be nitre In ah these oases, 
H Kopp considers that potassium chlorate was formed and mistaken for potassium 
nitrate. After the discovery of chlorine, C W Soheele, in 1774, noted that it forms 
with the fixed alkalies — potash and soda — a kind of set mann which decrepitates 
on hot charcoal but does not detonate T. Bergmann (1778) said that this gas 
forms the same salt as hydrochloric acid does with the alkalies and earths, and 
explained G W. Scheele’s observation in terms of the phlogiston theory; but 
B. Higgins (1786) showed that under these conditions chlorine produces a land of 
saltpetre which 0, L. Berthollet independently obtained m crystalline plates about 
the same time. Berthollet said : 

When alkali lye is treated with chlorine — Vactde muriatique oxujSn6 — so that the alkali 
is mam tamed m excess, the liquid readily destroys vegetable colours ; but with the chlorine 
m excess, the a el oxigiani which is produced exercises no action on these colours. 

He called the new salt muriate owiqene de potasse. At the beginning of the nineteenth 
century, Berthollet’s new compounds were called muriates oxigenes or munates 
suroxigenes ; to-day they are designated chlorates. 0 L-. Berthollet showed that 
the new sd ojyigSne must be regarded as a compound conta ining more oxygen than 
chlorine — a aide muriatique oxigene — and he called the new acid acide muriatique 
suroxigSne 0. L. Berthelot said : 

The acid which forms the sets oxtg&nia must be different from those formed by oxygenated 
muriatic acid (chlorine) in composition and properties ; but up to the present time, I have 
not been able to obtain the new acid free from the base, without a partial decomposition, 
so that I have not observed it in a free state 

The salt was investigated by R Chenevix m 1802 ; and in 1814, J. L. Gay Lussac 
obtained an aq. soln of the new acid — chloric acid He said : 

I prepared a ^ quantity of muriate suroxyghni de baryte (banum chlorate), and treated 
a dil. soln. of this salt with diL sulphuric acid, taking care to add no more acid than is 
needed to sat, the baryte . . In this way, I prepared a soln of the acid quite free from 
sulphuric acid and from baryta. The soul gave no precipitate with silver nitrate ; it 
contained V acide chlomque in aq. soln. 
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Bromic acid was discovered by A J. Balard 2 m 1826 and described in bis 
classical memoir, Sur une substance part'icuhere corUenue dans Veau de la oner; 
A J Balard was of course guided m bins work by tbe analogy which he found between 
bromine and iodine. Iodic acid was discovered by J L. Gay Lussac and H Davy 3 
in 1813 , and, in 1831, A. Connell obtained it by the direct oxidation of iodine by 
nitnc acid 


The preparation ol alkali chlorates. — J. L Gay Lussac 4 showed that when 
chlorine is passed into a cold soln of potassium hydroxide, a mixture of potassium 
chloride and hypochlorite is formed ; and when the soln is boiled the hypochlorite 
decomposes, forming a mix ture of potassium chlorate 
and ohlonde ; otherwise expressed, the hypochlorite m ^ 0Z6 \ I j 

soln. oxidizes itself 3K0C1=2KC1+KC10 S This reac- %ozo 

tion occurs with the evolution of 23 8 Cals, of heat. /_ 

The conversion of hypochlorites to chlorates is hastened ^ / 

when an excess of chlorine is employed The excess of ^o/o —p 

chlorine converts some of the hypochlorite into free | Q Q5 y 

hypochlorous acid, and this condition is eminently ^ 
favourable to the formation of chloric acid : 2HOC1 a — id — zo 304050 

+K0C1==KC10 S +2HC1 The freed hydrochloric acid *r ccnc of NaOtf 

then hberates an eq. amount of hypochlorous acid : , 8 of 

HC1+K0C1=KC1+H0C1, and the hypochlorous acid the ?ld of' CMorate 

oxidizes more hypochlorite. So the process continues 

until all the hypochlorite is transformed to chlorate A slight acidity, therefore, 
accelerates the formation of the chlorate. F. Wmteler has shown that the yield of 
chlorate is greatly influenced by the cone, of the alkali lye There is a certain cone, 
for which the yield of chlorate is a maximum , any further increase in the cono of 
the lye results in a diminished yield of chlorate, for the products of the reaction 
break down, yielding oxygen and the corresponding chloride This is illustrated 
by the curve. Fig 8, which shows the yield of ohlorate obtained when hot sodium 
hydroxide soln. containing one per cent of hypochlorite are heated to 100° for 
half an hour. According to F Wmteler, the speed of decomposition of bleach- 
ing powder into chloride and oxygen is accelerated by soluble hydroxides, and this 
the more, the greater the concentration of the latter 

This is illustrated by the curve. Fig 9, which shows the ^ /o r^L" 1 

effect of treating soln of bleaching powder under similar _v 

conditions at 100° with gradually increasing amounts of | V 

alkali The ordinates represent the amount of undecom- ^ 06 ^ 

posed chlorate at the end of half an hour V 

The conversion into chlorate is hastened by Taking g 
the temp., and therefore chlorine is passed into a hot V — 
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fractional crystallization, since potassium chlorate is far Alkali on the Decompo- 
less soluble than the corresponding chloride A soln. of sition of Hypochlorite, 
potassium carbonate can be used m place of a soln of 

potassium hydroxide, hut there is then a greater loss of chlorine and hypo- 
chlorous acid. According to A. Morin, the escape of oxygen during the 
evaporation of the soln. of chlorine m alkali hydroxide reduces the yield so 
much that only one-nineteenth instead of one-sixth of the potassium is obtained 
as chlorate, the remainder is the less valuable ohlonde. This loss is senous, 
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because potassium hydroxide is relatively expensive. Thk fact, coupled with 
the comparatively difficult separation, renders J. L Gay Lussac’ s method of 
small technical interest. T. Graham suggested saving potash by saturating an 
intimate mixture of eq. proportions of potassium carbonate and slaked lime, and 
after heating the mass to decompose the hypochlorites, extracting the residue with 
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water. Potassium chloride and chlorate dissolved , calcium carbonate remained 
behind E C Calvert similarly passed chlorine into a heated mixture of potash 
lye and lime. J. von Liebig evaporated to dryness a mixture of water and bleaching 
powder The mass was extracted with water, and the resulting soln of calcium 
chloride and chlorate was treated with the necessary amount of potassium chlonde 
and evaporated There is a senous loss of oxygen during evaporation The only 
satisfactory technical process, apart from electrolysis, is also based on a later 
suggestion of J von Liebig, who showed that it is cheaper to substitute a hot solo 
of slaked kme in water for the potassium hydroxide soln In that case : 6Ca(OH) 2 
+6Cl 2 =Ca(C103) 2 +5CaCl 2 +6H 2 0. As in the case of potassium hydroxide, the action 
of chlorine on the hme liquor is to form the chloride and hypochlorite : 2Ca(0H) 2 
+2Cl 2 =2H 2 0+CaC] 2 +Ca(0Cl) 2 , this is followed by two reactions . (1) the con- 
version of hypochlorite into the chlorate by heat 3Ca(OCl) 2 ==Ca(C10 3 ) 2 +2CaCl2 , 
and (n) the conversion of hypochlorite into chlorate by the action of an excess of 
chlorine 3Ca(OCl) 2 — 2CaCl 2 +Ca(C10 s ) 2 , probably through the mtermediate forma- 
tion of hypochlorous acid Ca(0Cl)2+2Cl 2 +2H 2 0=CaCl 2 +4H0d ; followed by 
Ca(0Cl) 2 +4H0Cl=Ca(G0 3 ) 2 +4HCl. The hydrochloric acid then liberates more 
hypochlorous acid . Ca(OCl) 2 +2HCl=2HOCl+CaCl 2 , and so, in a continuous cycle 
of operations, until all the hypochlorite is converted into chlorate 5 These reactions 
are accelerated by raising the temp. G. Lunge and L. Landolt found that merely 
raising the temp of a soln. of chlonde of hme is not very effective m transforming 
hypochlorite to chlorate — the transformation after 3 hrs. heating at 60° is hardly 
perceptible, the conversion is appreciable after further heatmg to 70° for an 
hour , and more so after another 2 hrs. heatmg to 90° ; hut even after boilrng 
another 2 his , not much more than 25 peT cent of the chlorine had been 
utilized in the production of chlorates If the chlorine be in excess the case is 
different : 70 per cent, was converted into chlorate at 15° ; and but little more 
was converted after standing some tame, or on warming up to 40°. The conversion 
was complete on boiling the soln. The excess of chlorine also prevented the loss 
of oxygen observed when alkaline soln are boiled Consequently, the most favour- 
able conditions for the conversion of the hypochlorite into chlorate involve both the 
raising of the temp and the use of an excess of chlorine. The clear soln of calcium 
chlorate and chloride is cono a little by evaporation, and a slight excess of potassium 
chlonde is added. The potassium chlorate which is formed has but one-tenth the 
solubility of the corresponding calcium chlorate and is far less soluble than the 
other two chlondes ; hence, by a further cone of the soln. , the least soluble potassium 
chlorate separates : Ca(C10 3 ) 2 +2KCl=2KG0 3 +CaCl2. The potassium chlorate 
so obtained is punfied by reorystailization W. Weldon (1871) 6 proposed to sub- 
stitute magnesia for hme , T, Twyman, dolomite , and EL. J Bayer, zinc oxide, 7 
These suggestions have not been industrially successful, and potassium chlorate 
prepared by the zone process may he contaminated with zinc. 

The electrolytic process lor alkali chlorate. — The old process of J. von Liebig 
is now almost superseded by the electrolytic process ; indeed, after the introduction 
of the electrolytic process, the price of the chlorate soon fell from £60 to £35 per ton, 
and abundantly justified H. Davy’s prediction (1806) : “ It is not improbable that 
the electric decomposition of neutral salts, m different cases, may admit of economical 
uses ” When hot soln. of potassium chlonde are electrolyzed, the initial and end 
stages of the reactions are represented KC1+3H 2 0=KC10 3 +3H 2 , hut no doubt 
chlorine is first formed , then potassium hypochlonte ; and finally potassium 
chlorate and chlonde. The sparingly soluble potassium chlorate crystallizes from 
the soln during the electrolysis, and thus gives trouble Since 100 c o of water at 
20° dissolve about 99 grms. of sodium chlorate, and 100 c.c of water about 7 2 
grins of potassium ohLorate, it is best to prepare first sodium chlorate by the 
electrolysis of sodium chloride ; and then treat the soln with potassium chloride 
as m the case of calomm chlorate described above. Potassium chlorate can be 
isolated by fractional crystallization. 
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During the electrolysis of a soln. of an alkali chloride, the primary products arj 
chlorine and alkali hydroxide ; alkali hypochlorite then appears together with a little 
free hypochloious acid as a result of the hydrolysis of the alkali hypochlorite. The 
alkali chlorate is then formed in two ways ( 1 ) chemically — by the oxidation of th« 
alkali hypochlorite by the hypochlorous acid : Na 0 Cl+ 2 H 0 Cl^NaC 103 + 2 HCl • 
and (h) electrochemically — by the oxidation of the hypochlorite by the oxygen 
developed at the anode ; the former reaction is slow, and the latter gives a ma x i m um 
efficiency of 66 per cent 8 The presence of free alkali dimimshes the hydrolysis and 
enables the chlorate formation, and the evolution of oxygen, to commence sooner, 
and with a lower concentration of hypochlorite than in a neutral soln. This 
phenomenon is the more pronounced the greater the alkalinity of the soln until a 
maximum chlorate production is attained, as illustrated by the graph, Fig 9. If 
the alkalinity of the soln increases beyond this point, the discharge of oxygen 
increases, and the rate of formation of the chlorate d iminis hes A low anode 
potential favours the evolution of oxygen, and diminishes the yield of chlorate , 
but a larger concentration of hypochlorite is needed for a discharge at a low polari- 
zation Hence, better chlorate yields, and lower hypochlorite concentrations are 
attained with polished than with platinized platinum electrode A nse of temp 
increases the concentration of the hypochlorite and decreases the yield of chlorate 
With acidified soln. of the alkali chloride, the concentration of the free acid is 
increased, and this favours the reaction : 2HOC1 -J-NaOCl=2HCl +N aC10 3 
Although this reaction is slow at ordinary temp , its velocity is very much augmented 
at, say, 70° ; and under this condition this reaction plays the larger part in the 
production of chlorate If cathodic reduction is avoided by the use of a chromate, 
and no hypochlorite ions are discharged, a 100 per cent current efficiency would be 
possible since no oxygen is discharged from the system According to F. Forster 
and E . Muller, the conditions favourable to the formation of chlorate are (l) the use 
of a slightly acid electrolyte , (ii) the provision of means for preventing cathodic 
reduction , and (in) the maintenance of the temp above 40° to prevent the formation 
of perchlorates 

There are two types of process for the technical production of chlorates. In 
one, alkaline electrolytes are used with a possible 100 per cent efficiency. The 
alkaline process, typified by that of F Oettel, 9 has given place to the acidic 
process on account of the higher electrochemical efficiency of the acidic process. 
The first electrolytic chlorate processes — F Hurter, and H Gall and A de Montlaur 
(1884) — used neutral soln with diaphragm cells. The electrolyte was circulated 
from cathode to anode to avoid the reduction of the chlorate — the current efficiency 
was about 25 per cent. The use of chromate, etc , for avoiding cathode reduction 
has led to the disuse of diaphragm cells. In A E. Gibbs’s and P. L. E. Lederlin 
and P. E. C. Corbin’s processes, the hot brrne — about 25 per cent, concentration 
between 60° and 70° — flows through a series of compartments between the electrodes, 
where it is converted to chlorate, and the liquor containing unchanged brine and 
up to about 30 per cent, of chlorate escapes from the cell The chlorate is crystal- 
lized out, and the unchanged liquor is run back into the electrolyzer. The loss of 
chlorate by the reducing action of the hydrogen at the cathode has been the subject 
of several patents : The nse of about 0 2 per cent of calcium chloride ; potassium 
dichromate and hydrochloric acid , aluminous salts, clay, or silicic acid , fluorides ; 
vanadium salts , etc , has been suggested in order to raise the yield of chlorate by pre- 
venting cathodic reduction — probably by forming a thin inert layer on the cathode 
which acts as a land of diaphragm, preventing the evolved hydrogen from coming 
readily into contact with the hypochlorite m soln 

The preparation of chloric acid* — J L Gay Lussae 19 prepared a soln of chloric 
acid by treating barium chlorate with the proper quantity of sulphuric acid 

,, V , Bernard, dissolved 800 grms of barium chlorate m 1700 o.c of distilled water, and 
added grms of 52 4 per cent sulphuric acid in small quantities at a tune. The temp. 
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was kept low to avoid the formation of perchloric acid The filtered soln. of chloric acid 
was colourless and contained only a trace of sulphuric acid , it possessed a sp gr. of 1 11 
at 20°. 

G S S6rullas treated potassium chlorate with an excess of hydrofluosilicic acid ; the 
clear liquid was decanted from the sparmgly soluble potassium fiuosilioate, the soln. 
evaporated below 30°, and filtered through glass powder , J. J Berzelius evaporated 
the acid liquid mixed with finely divided silica below 30° m air, or over cono sulphuric 
acid and potassium hydroxide in vacuo. The excess of hydrofluoric acid was 
volatilized as silicon fluoride, and the clear liquid was then filtered from the excess 
of sihca. R. Bottgei treated sodium ohlorate with oxalic acid whereby sparingly 
soluble sodium oxalate was formed , J. L. Wheeler, and T. B. Munroe treated sodium 
chlorate with hydrofluosxlicic acid ; and M. Brandau treated potassium chlorate with 
aluminium sulphate and sulphuric acid and precipitated the alum so formed with 
alcohol Chloric acid is formed in many reactions with hypochlorous and chlorous 
acid ; for example, it is formed when an aq soln of chlorine or hypochlorouB or 
chlorous acid decomposes^ in light It is also formed when an aq. Boln of ohlonne 
dioxide Btands m darkness or in light A mixture of alkali chlorate and chlorite 
is formed when an aq. soln. of an alkali hydroxide is treated with chlorine 
dioxide 

E. Furst 11 found that a chlorate is formed when potassium permanganate is 
treated with chlorine dioxide ; and G. Gore obtained silver chlorate by treating 
a soln of silver fluonde with chlorine : 6 AgF+S^O +3C1 2 — AgC10 s +5AgCl+6HF 
— some oxygen is formed at the same time H Karri merer found that some 
ammonium chlorate is produced when iodic acid is warmed with a soln of silver 
chloride in an excess of ammonia. 

J Sand 12 attempted to calculate the equihbnum constant of the reaction 
3H 2 0 + 3C1 2 =HG0 S +5HC1 on the assumption that the velocity of the reverse 
reaction is dxJdt=Jc(Ci0 r s ){0Y) 2 {K ) 2 but R Luther and F H MacDougall showed 
that it is dxjdt =&(C10' S ) 2 (H ) 4 . A Skrabel calculated the constants for the analogous 
bromine and chlorine reactions The reaction is very slow at ordinary temp , and 
by raising the temp the slow consecutive reaction 2HC10 3 =2HCl-|-30 2 is also 
accelerated. A R Olson worked at 91° and measured the constant directly He 
found ^=(H*) 2 (Cl / ) 5 (C10' 3 )/(a) s =4 3 X 10“ 7 

The preparation of bromic acid and the bromates.— Like chloric acid, free bromic 
acid is known only in soln,, and combined m the form of bromates. The bromates 
are formed by adding an excess of bromine to alkali lye , the alkali bromide and 
bromate are formed analogous to the corresponding reaction with chlorine. Accord- 
ing to 0. Lowig, 18 when bromine chloride is added to alkali lye so long as the colour 
disappears alkali ohlonde and bromate are formed. The lower solubility oi the 
bromate enables it to be separated from the chloride and bromide, A. J. Balard 
prepared bromic acid by decomposing barium bromate with the nght quantity of 
sulphuric acid, and decanting the clear soln. from the precipitated barium sulphate. 
Any excess of Bulphurio acid can be removed by baryta water C F Rammelsberg 
failed to prepare the acid free from either baryta or sulphuric acid. J. 8 Stas 
oxidized potassium bromide by passing chlorine mto an alkaline soln of the salt . 
ElBr+6KOH+301 2 =KBxO3+6KCl-|-3H2O C. Lowig passed chlorine mto a 
soln. of potassium carbonate until it began to give off bubbles of gas, and then 
introduced bromine ; he also fused potassium bromide with the ohlorate, and sepa- 
rated the bromate and chloride by fractional crystallization A Potihtzin found 
that by shaking aq. soln of sodium chlorate with bro min e, there is no appreciable 
action after some hours, but m darkfiess, after 4:5 hours the formation of bromide, 
chlorate, and bromate can be detected. Bromine water transforms gold oxide mto 
the bromate and bromide H. K amm erer heated iodic acid and potassium bromide 
and an excess of cono aqua ammonia, at 110°, and found silver iodide and ammonium 
bromate were produced. 

The acid is formed in many reactions with hypobromous acid ; for example, when 
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hypobromous acid is heated it is decomposed mto a mixture of bromic and hydro- 
bromic acids, and the latter can be removed by adding silver nitrate, and decant- 
ing the clear soln from the silver bromide. A. Riche prepared it by the electrolysis 
of bromine water, or hydrobromic acid ; the hydxobromic acid is oxidized by the 
nascent oxygen formed at the anode. As m the electrolytic production of chlorates, 
bromates are formed by the electrolysis of cone. soln. of alkali bromide between 40° 
and 50°. A little alkali dichromate is added (1) to produce a slight acidity in the 
soln. so as to accelerate the reaction : 2HBr 0 +NaBr 0 =N aBr 0 3 +2HBr ; and 
(li) to prevent the reduction of bromate to hypobromite Smooth platinum anodes 
and graphite cathodes are used. J Sarghel obtained a better yield of bTomate by 
electrolyzing soln of calcium bromide than with soln. of alkali bromide 

H. Kammerer made bromic acid by the action of bromine on silver bromate 
suspended m hot water . 5AgBr0 3 +3Br 2 +3H 2 0=5AgBr+6HBr03. The excess 
of bromine is driven off by heat, and the bromine acid soln is decanted from the 
silver bromide Bromine water converts hypochlorous acid into bromic acid 
and free chlorine. H Kammerer found that bromine converts a warm soln of 
chloric acid into bromic acid, but a great deal is decomposed in the process Bromine 
under bromine water is oxidized to bromic acid by leading in a current of chlorine 
monoxide: 501^0 +Br 2 +H 2 0==2HBr0 3 -|-5Cl2 } and the dissolved chlorine can be 
driven off by heat P. Lebeau also found that bromine water is oxidized by fluorine 
first to hypobromous and then to bromic acid 

The preparation of iodic acid and the iodates. — Iodic acid is obtained, either as 
free acid or combined in the iodates, by the action of oxidizing agents on iodine or 
iodine compounds, or by the decomposition of some of the other oxy-iodine com- 
pounds J L Gay Lussac 14 showed that an excesB of chlorine in the presence of 
much water converts finely divided iodine mto iodic acid * I 2 +5Cl2+6H 2 O===10HCl 
+2HI0 3 , when the hydrochloric acid can be removed by the addition of silver oxide ; 
if insufficient water he present some iodine chloride is formed; according to G Sodrni, 
at least twenty tunes as much water as iodine must be present If a httle alkali 
hydroxide be present, alkali chloride and lodate are formed, but if the alkali hydroxide 
be in excess some penodate is formed. G. S. Sknillas also showed that when iodine 
trichloride, moistened with alcohol or ether, is treated with water, iodic acid is 
formed: 2IC1 3 +3H 2 0=HI0 3 +5HC1+IC1. Alcohol removes the iodine mono- 
chloride and hydrochloric acid. J. von Liebig says that from 14 to 15 per cent, of 
the iodine is oxidized to iodic acid J. von Liebig saturated water, holding finely 
divided iodine in suspension, with chlorine, neutralized the liquid with sodium 
carbonate, added barium chloride, and washed the precipitated barium iodate with 
water. H. Kammerer treated a soln. of iodine in baryta water with chlorine — R de 
Grosourdy used a soln of barium chloride instead of baryta water. 

Instead of chlorine as oxidizing agent, some of the chlorine oxides can be em- 
ployed : H. Davy 15 used chlorine dioxide, and H. Kammerer, chloric acid for the 
oxidation of iodine or iodine chloride. W. Flight oxidized iodine in alcoholic soln. 
by a hypochlorite soln ; andE Reiohhardt used bleaching powder N A. E. Millon, 
Y. A. J acquekn, and others employed the chlorates, for example, when lodme is heated 
with an aq soln, of potassium, chlorate, chlorine and potassium iodate and chloride 
are produced; H. Bassett represents the reaction by the equation: 5KC10 3 -|-3I 3 
+3H 2 0=3KH(I0 8 )2+2KC1+3HC1 ; and on further evaporation both chlorine 
and iodine chloride may he formed: KH (I0 8 ) 2 +KC1 +1 2HC1=2KC1+ 6H 2 0 
+IC1+IC1.HC1-|-4C1 2 The presence of a small quantity of acid is necessary fox 
the reaction T. E. Thorpe and G H Perry consider that the main reaction is best 
represented : 2KC10 8 -(-l2=2KI03+Cl2. M. Schlotter found that when the 

concentration of the nitric acid is small, the reaction is represented : 5KC10 3 +3I 2 
+3H 2 0=5KI0 S +HI0 3 +5HC1; and when more acid is present: 2KC10 a +I 2 
=2KIO s -|-Cl2. When the proportion of iodine to chlorate exceeds 1 : 2, the re- 
action is represented 2KC10 3 +I 2 =2KI0 3 +C1 2 ; and when the proportion is about 
1 : 1, the reaction is : KC10 8 +I2 =KI0 8 +IC1. The nitric acid plays the r6le of 
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a catalytic agent! lj!+6H!N0 3 +II 2 0=2HI03+6IIN02 ; and 2HC10 3 +6IIN0 2 
=2HC1+6HN0 3 According to J S Stas, if a mixture of potassium iodide and 
chlorate is heated to the temp, of decomposition potassium iodide and chlorate 
axe formed 

A B Lamb, W 0. Bray, and W. J. Geldard prepared iodic acid by directly 
oxidizing iodine by means of an acidified soln of barium chlorate at 85° , and 
transformed the resulting banum lodate mto iodic acid by means of sulphuric 
acid The reaction between barium lodate is slow, possibly owing, as M. Guichard 
suggested, to the solubility of barium sulphate m the iodic acid If an excess of 
Bulphuric acid be employed, the iodic acid will be contaminated G P Baxter 
found eleven crystallizations necessary to eliminate sulphate If the iodic acid be 
contaminated with Bulphunc acid, its subsequent dehydration for iodine pentoxide 
is attended by decomposition. The yields were 85-90 per cent A. B Lamb and 
co-workers believe that the best procedure is to reverse the preceding process. 
Barium chlorate is treated with sulphuric acid, and the iodine oxidized by the 
liberated chloric acid. A 10 per cent soln. of chloric acid does not react with iodine 
at room temp., and after heating, even to boiling, the reaction is but slow , with 
33 to 40 per cent acid, the reaction starts immediately at room temp , and proceeds 
with explosive violence unless the mixture he cooled with an ice-bath With 20-26 
per cent chloric acid, the reaction does not begm at once, but when once started 
(10-15 min , or by gentle heating), the iodine disappears m 15-20 min., and cooling 
is not necessary, nor are iodine fumes evolved during the reaction A 3 per cent 
excess of chloric acid maintains the iodine as iodic acid during evaporation, and 
removes any hydrogen chloride formed during the process as chlorine The yield 
of powdered iodic anhydride was found to he 99*6 per cent of the lodme used, and 
the process is simple, rapid, and economical 

H Kammerer also noticed that iodine transforms bromic acid into iodic acid and 
bromine 2HBr0 3 +l2==2HI0 3 +Br 2 Similar remarks apply to the lodate of the 
alkalies and alkaline earths, for by heating an intimate mixture of the iodide and 
chlorate up to the temp at which the chlorate gives off oxygen, the iodide is oxidized 
to lodate * BaI 2 +2KC10 s =Ba(I0 3 )2+2KCl According to J L Lassaigne, an 
aq soln of silver nitrate transforms iodine into iodic and nitric acids, and transforms 
iodine mto lodio and nitric acids, and silver iodide ; C Weltzien treated dry silver 
nitrate with, an alcoholic soln of iodine ; and H Ka mm erer treated silver lodate in 
the presence of water with iodine : 5AgI0 3 +3l2+3H 2 0=6HI0 3 +5AgI The 
aq soln, of iodic acid is decanted and cone by evaporation Potassium lodate and 
free iodine are formed by treating moist potassium iodide with ozone, or by the action 
of ordinary oxygen at 400°-450°. According to M. Berthelot : 2KI+30 2 =2KT0 3 
+88 2 Cals W Hempel, W Lmder, and W Beinge oxidized iodides to lodates by 
potassium permanganate ; I Walz oxidized iodine to iodic acid by a mixture of 
chromic and sulphuric acids , chromic acid alone gives chromium lodate ; J J Colin 
used gold oxide : 3l2+5Au 2 O 3 +3H2O=6BIO 3 +10Au , V. Auger used hydrogen 
peroxide for oxidizing iodine dissolved m hydriodio acid, in the presence of an excess 
of hydrochloric or hydrobromio aoid . 2HC1+H 2 0 2 +2TI 2 0+Cl2 , I 2 +3C1 2 =2IC1 3 , 
5IC4+9H 2 0^3HI0 3 +15HC1+I2 , and H. Marshall used persulphates for the 
same purpose. 

In his great work on iodine, J L Gay Lussac 16 showed that the hydroxides of 
the alkalies, alkaline earths, magnesium, and zinc also react with iodine m aq. 
soln : 6K0H+3I 2 =5KI+KI03+3H 2 0, where only five-sixths of the converted 
iodine is in the form of 10 date The sparingly soluble potassium lodate can bo 
separated from the iodide by fractional crystallization, or the mixed soln of the 
two salts can be evaporated to dryness, and extracted with alcohol m which the 
iodide is fairly soluble, the iodate sparingly soluble The residual lodate is dissolved 
in water, the soln. neutralized with acetic acid, and evaporated to dryness The 
residue is then washed with alcohol to remove the potassium acetate A similar 
transformation is effected by mercuric oxide suspended m water (J. J. Colm), ot m 
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alcohol, benzene, acetone, or carbon tetrachloride (E. Lippmann), and silver oxide 
suspended m alcohol (Gr S S6rullas) Hypoiodous acid m alkaline soln gradually 
passes into iodic acid XOI+2HOI=KIO s +2HI The greater the excess of alkali 
present, the slower the reaction ; the higher the temp , and the free potassium iodide 
which is present, the faster the reaction With an excess of potassium hydroxide 
the soln is colourless, and the speed of the conversion 17 mto lodate is approximately 
proportional to the product of the concentrations of the alkali hypoioditc, alkali 
iodide, and hypoiodous acid present ; if the iodine be m excess, the velocity in- 
creases with an increase m the concentration of the potassium hydroxide and of the 
iodine, and decreases with an increase in the concentration of the potassium iodide. 
The effect in the last two cases is the opposite of that produced when the potassium 
hydroxide is in excess, so that by gradually increasing the amount of potassium 
hydroxide the hr own soln. becomes colourless, the velocity of formation of the 
lodate attains a ma ximum value, as illustrated m Fig 10, where the numbers represent 
relative concentrations 

Cone or rather fuming nitric acid is one of the most convenient oxidizing agents, 18 
and iodic acid of a high degree of purity can be made by the oxidation of iodine by 
means of fuming nitnc acid Purified reagents are of course employed The 
reaction proceeds at ordinary temp with the formation of oxides of nitrogen and 
iodine nitrate Heat hastens the reaction, and breaks up the iodine nitrate into 
nitnc oxide, iodine and iodic acid If a 


iimsMi 


large excess of iodine be converted into ^ /£ 
iodic acid without loss, the iodic acid re- i0 
mams insoluble in the residual nitric acid. 1 
If the iodine be m large enough excess, the ^ a 
reaction proceeds until the nitric acid is 
so dil. by the production of water in the § 
reaction, that it has no further action on Ss 
the iodine even though the acid is cone. ■§> - 
enough to keep the iodic acid sparingly Jj 

soluble and to hold considerable quantities ^ 0 5 f0 . & , 20 

of iodine m soln The yield of iodic acid ^ „ Jtauvum&ra** 

by the action of nitric acid on iodine is not ‘ ™ 01 La , tl0 “rfPotam Iodhte w5h the 
very great about 4 per cent , a much Concentration o£ the Potassium Hy- 
gr eater yield — about 40 per cent. — is ob- droxide. 
tamed by the action of nitnc anhydnde 

derived from a mixture of fuming nitnc acid and phosphoric oxide The process, 
though suitable for the occasional preparation of iodic acid on a small scale, is 
wasteful and expensive in large-scale operations. 


iodic acid is best made by digesting iodine and fuming nitnc acid m a fl ask. The spent 
acid is replaced by fresh acid from time to time until all the iodine is oxidized. Dissolved 
iodine can be recovered from the spent acid by dilution The iodic acid so formed is drained 
and dissolved in the smallest possible quantity of dil nitnc acid, and the soln evaporated in a 
dish of fused quartz so as to expel mtno acid and unchanged iodine The residue is re-dissolved 
in water and again evaporated until a film of solid appears on the surface This solid is 
not iodic acid, but probably a compound with less water The soln crystallizes slowly, 
and occupies some days The solubility of the acid is high — 75 per cent at 25°' — and the 
temp coeff of the solubility between 100° and 0° is small. Hence it is necessary to work 
up the mother liquors for successive crops of crystals The crystals can be drained in 
a centrifugal machine The iodic acid has frequently an aromatic odour which can be 
removed by a sufficient n umb er of crystallizations 


A Scott and W ArbuckLe obtained a 74 per cent, yield by using a round-bottomed 
flask with a long neck and a small flame so as to minimize the loss of iodine due to 
its vaponzation with steam and the oxides of nitrogen. It required 10 days of 
8 hrs each to oxidize 100 grins , removing and renewing the spent acid each morning. 
By using iodine infine powder with 10 to 12 times its weight of nitric acid of sp. gr. 1 5, 
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and leading a stream of oxygen through the liquid, 20 to 30 minutes 3 boiling suffices 
±o convert all the iodine into iodic acid. 

G S Sendlas obtained iodic acid, pure enough to leave no residue on ignition, by 
heating an aq soln. of sodium iodate with an excess of sulphuric acid up to its b.p. 
Iodic acid separates from the filtrate, and the mother liquor, containing sodium 
salphate, sulphuric acid, and a little iodic acid, can be poured away The solid is 
washed with a little water. J. L. Gay Lussac made the acid by decomposing 
barium iodate with dil sulphuric acid, and, after decanting the dear liquid from the 
precipitated barium sulphate, evaporating slowly until the liquid reached the point 
of crystallization. According to J. S. Stas, the crystals so ob tamed are always 
contaminated with sulphuric acid or baryta The acid can be removed by boiling 
a soln. of the acid with a little barium iodide, filtering off the precipitated sulphate, 
and crystallizing out the iodic acid as before 

M. Guichaid purified iodic acid by adding an equal volume of nitric acid (sp 
gr. 1 33) to an aq soln of the impure acid, and concentrating the soln until 
the iodic acid crystallized out The operations are repeated until the acid is of the 
desired degree of purity When the acid is crystallized in the presence of free 
sulphuric aoid, some iodine pentoxide is usually present. G S SAruUas decomposed 
sodium iodate with an excess of hydrofluosilicio acid and evaporated the filtrate to 
dryness. In the latter case the iodic acid leaves a non-volatile residue when 
ignited. Hypoiodous acid, and aq. soln. of iodine tetroxide, and of periodic acid 
decompose with the formation of iodic acid. Similar remarks apply to the corre- 
sponding salts A. Riche 19 prepared a soln. of iodic acid by the electrolysis of 
hydriodic acid, or water in which iodine was suspended Iodine is oxidized by the 
oxygen developed on the anode. As with the chlorates and bromates, alkali iodates 
can be formed by the electrolysis of soln. of alkali iodides, and there is a very rapid 
conversion of iodides to iodates even m alkali soln. The conditions which favour 
the formation of iodate are incxeasmg temp , and concentration of the iodide, and 
decreasing alkalinity of the soln. 

A. Hantzsch also made iodic acid by the hydrolysis of azoimide iodide, N S I, 
where the intermediate product is hypoiodous acid: H 2 0 +N 3 I=HOI+N 8 H , 
followed by : 5HOI =2H 2 0 +2 1 2 +HI0 3 . 
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§ 12. The Properties of Chloric, Bromic, and Iodic Acids and their 

Salts 

Chlonc and biomio acids are not known in a free state, but only m aq soln and 
in the form of their salts Iodic acid occurs as a white powder and in colourless 
crystals Chlonc and bromic acids form colourless aq soln, which, by evaporation 
m vacuo, can be cono. to syrupy viscid liquids which first redden and then bleach 
blue litmus. When cold the aq. soln have no smell, but when warm, chloric acid 
has a smell recalling that of nitric acid The taste is like that of a strong acid 
The cone soln of chloric acid does not crystallize when cooled to —20°. The soln 
are stable when dil , and become less stable as the concentration increases Soln 
of bromic acid can be cono. on a water-bath until they contain between 13 and 14 
per cent of HBrO s , when the attempt is made to concentrate further, the soln. 
begins to decompose, giving off oxygen and bromine. When the concentration is 
conducted under reduced press., in the oold, the decomposition does not begin until 
vol. n x 
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the liquid contains about 50 6 per cent of HB1O3 The molecular formula of such 
a soln corresponds with the heptahydrated hormc acid, HBrC^-f^HoO, and ac- 
cordingly H. Kammerer thought that this corresponded with a definite hydrate, 
although the evidence is not worth very much Similar remarks apply to soln of 
chloric acid. When the soln has a density of 1 282 at 14 2°, its composition corre- 
sponds with HCIO3+7H2O. If the attempt he made to concentrate the solution 
further, by evaporation m the cold, in vacuo over sulphuric acid, the acid decomposes 
tumultuously: 8HC10 3 =4HC10 4 +2H 2 0+302+2Cl2, until its concentration approxi- 
mates to HC10 8 +4JH 2 0 When the attempt is made to distil aq soln of chloric 
acid, almost pure water first passes over, then chlonne and oxygen gases are evolved, 
and perchloric acid remains behind 1 According to W S Hendrixson, a 2 52V-soln. 
of chloric acid can be heated to 95° without decomposition ; the reports that chloric 
acid decomposes above 40° appear to be based on the use of impure acid — probably 
containing hydrochloric acid which would decompose the chloric acid — or of a highly 
cone, acid Bromic acid soln are also stated to decompose about 40° Iodic acid 
decomposes at 110° into an anhydro-acid, as illustrated m Eig 11. Aq soln of iodic 
acid resemble those of chlorio and bromic acids, but when the cone, syrupy liquid was 
cooled, N A E Millon obtained a crystalline powder , and by slow evaporation 
below 60°, J. 0. G de Mangnac and C F. Rammelsberg obtained well-developed 
prismatic crystals terminated by pyramidal faces, and belonging to the 
rhombic system, with the axial ratios a : b : c = 0 9388 : 1 : 1 3181, according to 
J. Schabus 2 J 0 G de Mangnac showed that these crystals have a composition 
corresponding with HIO s , and not, as J Schabus thought, I 2 0 5 J. C, G de Mangnac 
says that he succeeded la seule fois m obtaining crystals in the form of hexagonaJ 
plates belonging to the rhombic system with the axial ratios a * 6 . c 
=0 6399 : 1 . 1 1994, and angular measurements approaching the values recorded 
by C. F. Rammelsberg This makes it appear as if iodic acid may be dimorphous, 
but as 0 F. Rammelsberg stated, the dimorphism has not yet been established 
The optical properties of J Schabus’ crystals have been studied by J Gruhlioh 
and V. von Lang E. Giosohuff prepared a hygroscopio amorphous mass of iodic 
acid as an under-cooling soln. The crystalline forms are not deliquescent 
According to H Croft, when syrupy lodio acid is evaporated over sulphuric acid 
it forms ozone at the moment of crystallization. 

According to H Kammerer, 8 the specific gravity of a 19 00 per cent, soln of 
chlono acid is 1 128 , of a 23 82 per cent soln,, 1 161 ; and of a 39 98 per cent soln., 
1'262 — all at 14° , and, according to R Reyher, at 25° (water at 25° unity) the 
sp gr of soln with N-mol. per litre is N-soln , 1 0485 , JJV, 1 0244 , JN, 1 0126 ; 
and %N, 1 0064 E Ruppin found a kilogram of the J-N-soln. of chloric acid had a 
sp gr 1 0223 at 25°. 

According to A. Ditte, 4 the sp. gr of solid iodic acid is 4 629 at 0°, and 4 816 
at 50 8° ; the sp gr of a sat aq soln at 12 5° is 2 842 , H Kammerer gives 2 1629 
at 13°, and E. Groschutf gives 2*4256 at 13 5° (water at 4° unity) and 2 4711 at 18°. 
J Thomsen makes the sp.gr of aq. soln containing w-mol. of water per mol. of iodic 
acid — HI0 3 4-wH 2 0 — to be 

n ... 10 20 40 80 100 320 

Sp.gr.. . .1 6609 1-3660 1 1946 1 1004 1*0612 1 0268 

34 3 31 4 30-1 29 6 27 2 26 8 

where the last line refers to the increase in the mol vol of the dissolved acid per mol. 
of water , hence a contraction occurs when soln of iodic acid and water are mixed, 
J . Thomsen represents the mol. vol. v of aq. soln HI0 3 +wH 2 0 at 17° by the formula 
t>=18n-|-39 1— 13 ln/(18+7i), H Kammerer gives the following data for the 
sp. gr of soln of iodic acid at 14° : 

l a O B per cent X 10 20 30 40 50 60 65 

* . 1 0063 1 0525 1 2093 1*3484 1 6371 1*7366 1 9964 2*1269 
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R„ Rea’s values for the specific viscosity of normal soln of chloric acid at 25° 
is 1 0520 , for 417- soln. 1 0255 ; for JlV-soln. 1 0145 , and for JlV-soln. 1 0059. 

According to A Ditte, B the coefficient of thermal expansion of solid iodic acid 
from 0° to 50 8° is 0 0002242 , and the specific heat, 0 1625 A Ditte also states that 
soln of iodic acid sat at 12*5°, bods at 104° , and H Kammerer that the soln. sat. at 
13°, boils at 100°, and freezes at —17°. According to E Groschuff, sat. soln , with 
I 2 0 5 HIO s as solid phase, boils between 111° and 112° at from 766 mm to 775 mm 
press. According to H. Lescoeur, the vap. press of a soln of iodic acid sat. at 20° 
is 11*6 mm. The mol \vt determinations of A Rosenheim and O Liebknecht from 
the raising of the boiling point of soln of iodic acid give a mol wt of 143 for soln. 
with 3*31 grins of HIO^ m 100 grms of water and 202 for soln with 29 95 grms of 
HIO3 J H van't Hoffs factor in the former case is i=l 23 , and in the latter 
0*87 This indicates that at the b.p dil soln contain partially ionized monobasic 
HI0 S , and more cone soln the polymerized acid, possibly H2I2O0 E Groschuff 
also determined the factor 1 by the freezing-point method With soln containing 
0 5911 grm of E30 8 per 100 grms of water, the mol wt was 101 3 and i=l 737 ; 
with soln. cont ainin g 13 58 grms of HIO a , the mol wt was 170, and 4=1 035 , and 
with soln containing 245*3 grms of HI0 3 , the mol yt. was 370 5, and 4=0 475, again 
showing that m cono soln the iodic acid is probably polymerized to anc ^ 

H 3 Ib 0 9 — the dihydro-iodate, KTT g IgO 0> can be regarded as a salt of the polymerized 
acid, (HK) 3 )3 In dil one per cent, soln the molecule of the acid seems to be normal 
TTTOo Anhydro-iodic acid can be regarded as a derivative of the polymerized 
acid. HsIsOg^HgO+IjjOfiHIOs , and a further stage in the decomposition at 
190°-200° is represented 2H 3 Is09=3H 2 0+3I 2 05 

N„ A E Millon (1843) 6 showed that the dehydration of iodic aoid, HIO s , occurs 
m two stages By keeping the acid for a long time between 30° and 40° in dry air, 
or by heating it rapidly at 130°, it loses two-thirds of its water ; and the remaining 
third at 170°. The intermediate product, said N A E Millon, is a definite hydrate 
of the composition I 2 0 5 £H 2 0 This corresponds with the anhydro-iodic acid, 
I 2 Og »HIOg C. F. Rammelsberg (1844) believed that on dehydration, the acid 
passes directly into the anhydride; and A Ditte (1870) and H Lescoeur (1890) 
found the vap press of Millon’s intermediate product is the same as that of a mixture 
of iodic acid and the anhydride, a fact whioh made it appear as if the intermediate 
product is nothing more than effloresced iodic acid E. Groschuff (1905), and 
G P Baxter and G S Tilley (1909), have confirmed the observation of N A. E. Millon 
that the first product of the dehydration of iodic acid is an anhydro-aoid with the 
composition I 2 0 5 H10 3 If iodic acid be rapidly heated, it melts at 110° with the 
separation of a solid phase, ^O^HIO^ , if the acid he slowly heated to 110°, it de- 
hydrates completely without fusion, forming pentoxide, I2O5, if the time of heating 
be sufficiently prolonged The heating curve shows a terrace between 110° and 
190°, corresponding with the existence of the intermediate phase, I s 0 6 HI0 3 ; and 
G P Baxter and G S Tilley mentioned one case of superheating without the appear- 
ance of this phase. H Kammerer reported the formation of hexagonal crystals of 
a 4 ^-hydrated iodic acid y HIO3 4£H 2 0, by cooling sat. soln. to — 17° , these crystals 
fuse at — 16°. E Groschuff could find no evidence of the existence of Kammerer' 3 
hydrate, or of any hydrate other than Millon’s I 2 0 6 HI0 3 Millon’s acid passes 
into ordinary iodic acid in the presence of water. It is insoluble in alcohol ; and 
boiling alcohol dissolves only a trace. According to M Berthelot, 7 the heat of soln 
of one part of the acid in 45 parts of water at 12° is —4290 cals In addition to 
anhydro-iodic acid prepared by N A E Millon, I 2 O e HI0 3 , a second anhydro-iodic 
acid has been reported by P Chretien 8 as resulting from the soln. of an excess of 
iodic acid m a syrupy soln. of phosphoric acid at 150°, and slowly cooling the soln , 
or by the cooling of a soln of iodic acid m sulphuric acid containing between 4 to 5 
mols of H 2 0 per mol of H2SO4 The acid sepaiates in crystalline plates The 
analysis corresponds with 2I 2 0 5 H 2 0, that is, I 2 0 5 2HI0 3l or H^On According 
to M. Berthelot, its heat of soln is 2I 2 O fi .H 2 O+1700H 2 O=— 5720 cals at 12°. 
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The individuality of this acid has not yet been established. Accoiding to 
H Lescosur (1889), the crystals of iodic acid deposited from its soln in dil nitric 
acid are monohydratcd iodic acid , HIO a HoO ; from soln in cono nitric acid, 
anhydrous lodio acid, HIO3 ; and from soln of nitno acid of intermediate cone , 
mixtures of monohydratcd and anhydrous iodic acid. 

The heat ol formation of chlonc acid deduced by J. Thomsen from the reduction 
of chloric acid with sulphur dioxide, is H+Cl+30+aq.=HC10aaq +23 9 Cals., 
and 24*0 Cals from the heat of decomposition, KC10 a =KCl+30+9*7 Cals 
M. Berth el ot found 20 5 Cals, from the reduction of barium chlorate with sulphur 
dioxide. From the second of J. Thomsen’s values : 2Cl+50+aq =2HC10 a 
+10 2 Cals. For bromic aoid, Br 2 (liquid) +60 +aq =2HBr0 3 aq —49 6 Cals. 
(M. Berthelot) ; and —43 52 Cals ; Br 2 (gas)+50+aq =2HBrO a aq — 42 2 Cals. 
(J. Thomsen) 9 H+Br+30+aq =HIO B +12 42 Cals. For iodic acid, I 2 +50+Aq. 
=2HIOsa(i.+4:3 237 Cals; H+I+Aq =HIO s +55 797 Cals ; W+30+H 

=ffiO a +59 8 Cals. , I 2 0 5 +Aq =2HI03aq +2 54 Cals The heats of formation 
of aq. soln. of the three acids HX decrease as the at. wt of the halogen X increases 
— HClaa., 39 32 Cals ; HBr aqi , 28 38 Cals ; Hlaq , 13 17 Cals. , but with the 
HXO a acids, the heats of formation decrease from chlorine to bromine, and then 
increase very markedly in passing from bromine to iodine — HC10 Saq 3 23*94 Cals. ; 
HBrO Saq ., 12 42 Cals ; and HI0 8a q , 55*8 Cals Similar results are obtained with 
the corresponding salts. Thus, with the potassium salts, KC1, 105*61 Cals ; KBr, 
95 31 Cals , and KI, 80 13 Cals , and also with KC10 a , 95 84 Cals ; KBrO a , 
84 062 Cals. ; and KIO a , 124*489 Cals. The heats ol neutralization of chloric, 
bromic, and iodic acids in dil soln are nearly the same, and approximate 13 8 Cals , 
corresponding with the value typical of the stronger acids A R Olson calculated 
the free energy of the reaction . SCl^aq +3H 2 0=6H*+5CT+C10'b at 26° to be 
6640 cals., and the heat of formation of the chlorate ion. 0*5Cl2(gas)+l 50 2 +© 
=-1374 cals, at 25°. 

Aq. soln. of chlonc, bromic, and iodic acids are decomposed by the eleotrio 
current with the separation of oxygen and the halogen at the anode. 10 Hypochlorous 
acid is formed in the case of chlonc acid. W. Ostwald’s values 11 for the molecular 
conductivities A of aq. soln., chloric, bromic, and iodic acid in v litres of water at 
25°, are : 


V 

• 

. 2 

8 

32 

128 

512 

1034 

4096 

HClO a 

. 

. 77 9 

82-3 

85*3 

87 9 

88 7 

88 b 

85 7 

HBrOg 


. — 

— 

79*4 

84 1 

87 4 

88 4 

88 8 

hio 8 . 

. 

. 42 ‘67 

59*0 

72*3 

80 2 

81 8 

83 1 

81 8 


The maximum value for chlonc add is 88*7 , accordingly, also, 88 per cent, of the acid 
m £2V-soln. is ionized The conductivities of chlonc, perchloric, and mtnc acids 
are of the same order of magmtude Bromic acid thus has a lower conductivity, 
and is therefore a weaker acid than hydrohromio acid, but stronger than iodic 
acid ; and iodic acid is weaker than hydnodic acid The conductivities and the 
lowering of the f p of soln of chloric, bronuc, and iodic acids point to the respective 
formulae HC10 a , HBrOg, and HIO a ; hut iodic acid is polymerized in cono. soln. The 
molecular conductivity of soln. of iodic acid v=l rises from 102 at 0° to 223 at 75° ; 
for t>=2 from 126 at 0°, to 275 at 75°, and 279 at 80° ; and for v=1024, from 239 
at 0° to 634 at 80°. J. H. van’t HofE’s factor ^=l+(w.— l)A f /A Q(> , where n is the 
number of 10ns, agrees with the assumption that m dil soln the molecules are not 
polymerized, and in cone, soln , that they are polymerized to H2I2O0. W. Ostwald 
also found the inversion constant of chloric acid for cane sugar ranges from 97 2 to 
103*5 when the value for hydrochloric acid is 100. The velocity of the ClCV-ions 
is 587 XlG~ a at 25°, and 322 Xl0~~ 8 atO°. F. Kohlrausch’s values for the mobilities 
of the 010/, BrO a ', and IO s '-ions are respectively 55, 46, and 33*9. G N Lewis and 
M. Randall give for the free energy of the reaction . I 8 oUd+3H 2 Oi 1 auid==6H , +IOs', 
137*59 Cds. at 25° , for 150111+102=103', —32 27 Cals at 25° , and for the 
BrO s '-ion, 1*69 Cals 
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E. Groschuff’s solubility curves 12 of iodic acid in water per 100 grins, of soln. 
are indicated in Fig. 11. 

-14° 0 a 16° 80° 101° 110° 125° 100° 

Grms I a O B 09 1 70 3 71 7 78 380 8 82 1 . 82 7 859 

Solid phase ^ HlO^ ^ 

The solubihty of iodic acid m water, and the f p curve of aoln of this acid are indi- 
cated in E. Grosohuff’s equfiibnum diagram, Fig. 11. The eutectic temp, is about 
-If with 72 8 grms HI0 3 , or 69 1 grms I 2 0 5 per 100 grms of soln , or 8*29 mols. 
of H 2 0 per mol of I 2 0 6 . The transition temp, of HIO s mto the anhydro-iodio 
add, ^Og.HIOg, is 110° when the soln has 86 5 grms of HI0 S , or 82 1 grms of 
I 2 0 5 per 100 grms of soln , or 4 05 mol of water per mol. of I 2 0 5 The conversion 
of I 2 0 6 HI0 8 mto lodme pentoxide, I 2 0 6 , is between 190° and 200° — probably 
196° — the exact temp, is difficult to determine on account of the slowness of the 
change The solubihty at —19° is 72 3 There is no sign of hydrates, 2HIO s 9H 2 0, 
and of HIO s 5H 2 0, reported by H Kammerer. 

Iodic acid is much less soluble m nitric acid than m wateT ; the decrease is more 


marked at 0° than at 60°. For example, E 

Groschuff gives 


0° 

20° 

40° 

60° 

WateT . . . 74*1 

75 8 

77 7 

80 0 

27 73 per cent HNO a 18 

21 

27 

38 

40*88 per oent. HNO a 9 

10 

14 

18 


Iodic acid readily forms under-cooled soln. with water and with nitric acid. The 
solubihty becomes very small as the cone, of the mtnc acid increases, a fact noted 
by G S. S6rullas in 1830 The presence of 
sulphuric acid also diminishes the solubility of 
iodic acid, but there is a reaction between these 
two reagents — vide infra . 

N A E Millon found iodic acid to be in- 
soluble m absolute alcohol, but 87 per cent alcohol 
dissolves almost half its weight of iodic acid , the 
acid is also insoluble in acetic acid , ether , chloroform , 
carbon disulphide, and in hydrocarbons 

The decomposition of chlorates, bromates, 
and iodates by heat. — Vide oxygen The action 
of heat on chlorates either liberates the whole of 
the oxygen, and leaves a residue of the chloride — 
e g. the chlorates of potassium, sodium, barium, 
mercury, and silver — or, if the metal has a 
greater affinity for oxygen than for chlorine, five- 
sixths of the oxygen and all the chlorine is liberated, and a metal oxide or a mixture 
of oxide and chloride remains — e g the chlorates of magnesium, zinc, and alum i mum 
According to M Berthelot, KCIO^-^KGI+SO— 11 0 Cals The case of potassium and 
sodium chlorates has been discussed in connection with the preparation of oxygen. 
A Potilitzin 18 has studied the decomposition of barium and strontium chlorates ; 
W H. Sodeau, calcium, silver, and lead chlorates , and D K DobroserdofE, alu- 
minium chlorate The case of the bromates is quite similar, 14 and J. S. Stas found 
that even with the alkali bromates, traces of bromine accompanied the oxygen. 
According to M Berthelot, KBr0 3 ->ELBr+30 — 11 1 Cals The decomposition of 
banum and strontium bromates has been studied by A. Potilitzm , and of aluminium 
bromate by D K DobroserdofE Barium bromate begins to decompose about 
260°-265°, and the decomposition is vigorous about 300°. Iodates decompose in 
a general way similar to the chlorates and bromates, but at a rather higher temp. 
According to M, Berthelot, KI0 3 -+KI+30— 44 1 Cals C F Rammelsberg 18 says 
that at no stage m the decomposition is any periodate formed, and that the solid 
residue of the action with potassium iodate and with banum lodate contains both 
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oxide or peroxide, and an iodide or an oxyiodide, but E H Cook stowed that 
although a little iodine (0 308 per cent.) may be evolved during the decomposition of 
potassium lodate no periodate is formed, and the residue is potassium iodide 
C E. Rammelsbeig’s residues probably contained undecomposed lodate. According 
to C. E Schonbem, if the iodate is mixed with pyrolusite or graphite, the products 
of the reaction aTB iodine, oxygen, and potash. 

According to J. L Gay Lussac, 16 aq soln of chloric acid do not decompose in 
light, but according to N A E Millon, when cone chloric acid is kept for two 
months beside cone sulphuric acid, some perchloric acid is formed. A. Pedler 
exposed 0 2N, 0 IN , 0 051^, and 0 032V-soln of chloric acid for 15 days to tropical 
sunshine, and as a result found that the decomposition of the acid m dil soln is 
negligibly small, and this acid may be regarded as an end-product of the action of 
sunlight on chlorine water M. Berthelot states that iodic acid is decomposed by 
exposure to sunlight — at ordinary or at elevated temp Soln. of chlorates and 
bxomates are fairly stable in light, hut they axe Blowly decomposed by ultra-violet 
rays which are normally cut off by the glass of the containing vessel. The amount 
of salt decomposed m a given time is proportional to the time of exposure in the 
case of soln from 0 5 2V*- to 0 02N-strength The presence of sugar accelerates the 
reaction, and this the more with bromates than chlorates. 17 

Chloric acid decomposes organic substances very rapidly often with inflam- 
mation — e g. Gt S S6rullas soaked filter paper with chloric acid, and found that it 
spontaneously inflamed, and litmus paper was first reddened and then bleached , 
bTomic and iodic acids behave similarly towards litmus According to W. Eeit and 
K. Kubierschky, 18 bromic acid is a stronger oxidizing agent than either chloric or 
iodic acid It transforms sulphur into sulphuric acid faster than chloric, iodic, per- 
manganic, chromic or nitric acid, bromine water, or hydrogen peroxide Sulphur is 
not attacked by cold iodic acid, but m a sealed tube at 150° it forms sulphuxio acid , 
selenium under similar conditions is oxidized at 200° ; white and red phosphorus 
are immediately attacked, forming phosphoric acid with the liberation of iodine 19 
Arsenic forms arsenic acid Many organic substances are quantitatively oxidized 
by bromic, chloric, and iodic acids to carbon dioxide and water — e g. with oxalic 
acid * 5H 2 C< d 0 4 -f-2HBiOs=10CO 2 + 6H 2 0 +Br 2 An excess of oxalic acid with 
iodic acid behaves similarly in the presence of sulphuric acid ; and if the excess of 
oxalic acid or the liberated iodine be titrated the iodic acid can be quantitatively 
determined Similar remarks apply to the chlorates, bromates, and lodates 
When chlorates, bromates, or lodates are mixed with combustible or oxi disable 
substances — carbon, phosphorus, sulphur, base metals — copper, aluminium, arsenic 
— metal sulphides, sugar, etc. — the mixtures are very prone to decompose with 
explosive violence when struck with a hammer or heated 

Mixtures of chlorates with such materials must not be ground together with a pestle 
and mortar The materials should be ground separately, and then carefully mixed on paper 
with a feather Phosphorus m contact with a chlorate may explode spontaneously Thus 
if a drop of soln of phosphorus m carbon disulphide be allowed to fall on a little potassium 
chlorate, a loud explosion occurs as soon as the carbon disulphide has evaporated The 
red phosphorus in the mixture on the side of a box of safety matches gives a senes of 
sparks when a crystal of potassium chlorate is rubbed thereon, and serious accidents have 
ocourred as a result of the accidental rubbing of tabloids of potassium chlorate against the 
sides of a match-box in the pocket 

The violence of the explosion is feebler with lodates than it is with chlorates or 
bromates. The ohlorates transform lead oxide to the dioxide , manganese oxide 
in fused alkalies to manganates , etc. Amm onium iodate explodes when heated 
alone Ohlonc, bromic, and iodic acids with their salts are energetic oxidizing 
agents 

The oxidizing action of potassium chlorate in neutral or slightly acid soln is 
greatly facilitated by the presence of traces of osmium tetroxide, OSO4 

Hydrogen sulphide is oxidized by adding chlono acid to water, sulphuric acid, 
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and hydrochloric acid , with bromic acid, the reaction is represented : 5H 2 S+8HBr0 8 
=4H 2 0 +5H 2 S0 4 +4:33ro — if the hydrogen sulphide be m excess, some free sulphur 
is formed, for, with iodic acid, not only is there the direct reaction : 5H 2 S+8HI0 3 
=4H 2 0+5 HoS 04+£T2 j but there is a reaction between the iodine and hydrogen 
sulphide • H 2 S+I 2 =2HI+S‘ According to J W Slater, 20 hydrogen sulphide 
does not act on aq. soln of chlorates , but according to A J. Balard, the bromates 
decompose the gas mto water, bromine, sulphate, and sulphur , lodates, according 
to H. Rose, behave m an analogous manner With thiosulphuric acid , 21 the halogen 
and sulphuiic acid are formed ; for example, with bTomic acid 5H 2 S 2 0 3 +8HBr03 
+H 2 0 =1QH 2 S0 4 +4Br 2 

Sulphur dioxide is oxidized by chloric, bromic, and iodic acids, forming sulphuric 
acid and the free halogen: 2HBr03+5H 2 S0 3 =H 2 0+fiH 2 S04+Br 2 According 
to W. R. Hodgkinson and J Young, 22 if sulphur dioxide be led over powdered 
potassium chlorate, chlorine dioxide is formed so long as the temp does not rise 
over 60° , at a higher temp , there is a slight incandescence, and a white cloud of 
sulphur tnoxide and chlorine is formed Moist sulphur dioxide acts more rapidly 
than the dry gas , and if some organic substances are present, the action is more 
vigorous still If a drop of a soln of sulphur dioxide in ether or alcohol is dropped on 
a little powdered potassium chlorate, a white vapour rises, and then the mass 
explodes According to J L Gay Lussac, aq soln of the bromates and iodates 


oxidize sulphur dioxide to a sulphate, free sul- 
phuric acid, and the free halogens. The reaction 
between sulphurous and iodic acids or between sul- 
phites and iodates • 2HI0 3 +5S0 2 +4H 2 0=5H 2 S04 
+I 2 , has attracted much attention, 23 because the 
lodme does not appear immediately the substances 
are mixed ; there is a well-defined period of time 
— period of induction — between the moment the 
reacting substances are mixed and the moment 
iodine makes its appearance H Landolt showed 
that the duration of the interval is dependent upon 
the cone of the soln 



Fig 12 — Relation between the 


H Landolt' 8 reaction can be demonstrated in the Period of Induction and the 

following maimer Dissolve I 8 grm of iodic acid in a Concentration of the Solutions, 
litre of water ; also prepare a litre of an aq soln of 0*9 

grm of sodium sulphite, Na 8 S0 3 7H a O ; 10 per cent sulphuno acid, and 9 5 grins of starch 
made mto a paste with hot water Add 100 c c of each soln to separate beakers , and 
mix the two Note the time when the soln are mixed Count the seconds which pass 
before the starch blue appears Dil each soln to 0 8, 0 ‘6, 0 4, 0 2th of its former concen- 
tration, and repeat the experiments with the dil. soln Plot the results els has been done in 
Fig 12 If the concentration and temp, be constant, the same results can always be 
reproduced. 


It is BuppOBed that the first action may be due to the reduction of iodic to iodous 
acid, HI0 2 , thus • H 2 S0 8 +HI0 3 ==Hl62+H 2 S04 , then iodous to hypoiodous acid : 
H 2 S0 8 +HI0 2 =H0I+H 2 S04 , and then to hydnodic acid . H 2 S0 8 +H0I=HI 
+H2SO4. This, however, is largely hypothesis. In any case the first stage of the 
reaction results m the reduction of the iodic acid to hydnodic acid : 3U 2 S0 3 +HI0 3 
=3H 2 S0 4 +HI , when all the sulphurous acid has been oxidized, this reaction is 
followed by a reduction of the hydnodic acid by the excess of iodic acid * HIO s 
+5HI=3H 2 0+3I 2 If the sulphurous acid is m excess, there is the reverse, the 
liberated iodine reforms hydnodic acid H 2 S0 3 +H 2 0+I 2 =H 2 S04+2HI. The 
first reaction — oxidation of sulphurous acid — must be nearly completed before the 
second one — oxidation of hydnodic acid — can start, because, as indicated above, 
the iodine with sulphurous acid reforms hydnodic acid Since the ma ximum 
amount of iodic and sulphurous acids are present at the start, the first-named 
reaction must be fastest at the beginning, and afterwards gradually slow down. 
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Again, since the velocity of a reaction is proportional to the amount of tie reacting 
substances present m the system, the second reaction will be the slowest at the 
start, and gradually become faster. The speed of formation of the iodine is there- 
fore the resultant velocity of two consecutive reactions ; and the belated appearance 
of the iodine — the period of induction — corresponds with the time required for the 
first reaction to make enough hydriodic acid to enable the second reaction to make 
sufficient iodine to colour the Btarch. 

The successive steps in the reduction of iodic acid to iodine can therefore be 
symbolized : HIOa-^HI-^, where HI represents an intermediate compound — 
characteristic of consecutive reactions generally 

The time of the induction is dependent upon two independent constants, K x 
and K 2 ' If Ai be the velocity constant of the first reaction, K 2 that of the second, 
J. Eggert has shown that the time of the induction t can be calculated with a satis- 
factory approximation to the observed values by the formula : 


Time of induction, t- 


1 


log* 


Z _ 2 


L. Berozeller has shown that the presence of acids, chlorides, bromides, iodides, 
thiocyanates, and morphine accelerate the reaction ; while the presence of tartrates, 
sulphates, oxalates, carbonates, mercuric chloride, bromide, iodide, and cyanide, 
most alkaloids, colloids, proteins, etc , inhibit the reaction Hydrocyanic acid, 
unlike other acids, also inhibits the reaction A. Skrabal has shown that Landolt’s 
reaction has a temp. coefE greater than unity, so that the velocity of the reaction 
increases with a rise of temp ; but if the system contains an excess of sodium 
sulphate, the temp coeff is less than unity, and the velocity of the reaction decreases 
with a nse of temp. 

0 Liebreich 24 showed that the reaction is of special interest, because it 
exhibits a dead space in reacting systems, i,e there IS a place m this reacting system 
where little or no reaction takes place When alkalies act upon chloral, a white 
precipitate of chloroform appears, but no formation of chloroform appears if the 
reaction takes place in fine capillary tubes ; while if the reaction occurs in a test 
tube, a thin film of liquid quite dear and free from chloroform appears just at the 
upper surface. It is supposed that the reaction is modified at the boundary layers 
by the surface tension of the liquid J. W Gibbs proved that the surface layer of a 
liquid will in general differ in composition from the body of the liquid, and for dil 
soln. he proved thermodynamically that the surface layers of a solution are richer 
or pooler in solute according as the addition of the solute lowers or raises the surf clog 
tension. J. J Thomson has further shown that if surface tension of a soln in- 
creases as a chemical reaction progresses, capillarity will tend to stop the reaction; and 
conversely , if the surface tension diminishes as the reaction progresses, capillarity will 
tend to increase the reaction. Otherwise expressed 


The effect of the forces between the molecules of a liquid will be to promote any change 
which diminishes the surface tension at a fresh surface For example, if any chemical 
action will diminish the surface tension, that action will take place more readily at the 
fresh surface than in. the body of the liquid If the liquid be a salt soln the salts will flock 
to the surface if the surface tension of a cono. soln. is less than that of a dil one, and recede 
from it if it is greater If two isomeric compounds have different surface tensions, then 
spraying or bubbling sir through a mixture will increase the proportion of the one with the 
smaller surface tension The molecules of a compound AB might split up at the surface 
layer into atoms, if a layer of dissociated atoms either mixed together or m separate layers 
would give a smaller surface tension than the un dissociated liquid 


According to H. Kammeier, 26 chi one acid reacts with bromine, giving only traces 
of bromic acid ; but with iodine it forms iodic acid, and with iodine chlorides it 
furnishes iodic acid and. chlorine ; bromic acid is not affected by chlorine, but 
with iodine it forms iodic acid When a Boln of potassium chlorate acidified with 
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nitric acid is treated with iodine, the main reaotion is determined by the concentra- 
tion of the nitnc acid and of the iodine With dilute acid, the main reaction is 
symbolized • IOKCIO3+6I0 +bH 2 0=10KI0 3 +2HI03+10HCl ; with concentrated 
acid : 2KC10 s +I 2 =2EI0 3 +CI 2 andKC10 s +I 2 =KI0 3 +ICl By distilling iodine with 
potassium chlorate, F. Wohler 26 obtained iodine chloride, and potassium chloride and 
iodate. A boiling soln of potassium chlorate takes up the eq. of a gram-atom of 
iodine without discolouring the soln ; further additions of iodine colour the soln. 
yellow and then brown, forming potassium iodate and iodine chloride. A Potilitzin 
represents the reaction : 5KC10 8 +3I 2 +3H 2 0 =5KI +5HC10 8 +HIO3, followed by 
KI+HIO3—HI+KIO3, and by HI+Hd0 3 =HCl+HI0 3 . Sodium and barium 
chlorates behave similarly. Bromine acts on aq soln of the chlorates in darkness 
forming bromide, chlorine, and bromic acid. H Kammerer reported that chlorine 
exerts no action on bromates According to A. Potilitzin, when chlonne is passed 
for 50 days through a sat soln of sodium bromate, in darkness, bromine is formed 
and the soln cont ains the metal chloride, and chloric and bromic acids The 
main reaction is represented : 5NaBr03+3Cl 2 +3H 2 0=5NaCL+5HBr0s+HC10 i 
Chlorine and bromine do not act on iodic acid or the lodates EL Schulze 27 found 
that most of the chlorides, bromides, and iodides when melted with potassium 
chlorate give the free halogen and metal oxide — the silver and mercury halides are 
not attacked. According to G S Serullas, when a soln of a mixture of potassium 
chlorate and iodic acid is evaporated, crystals of potassium iodate or of acid potas- 
sium iodate separate, and the mother liquid contains potassium chlorate and chloric 
acid. 

J. L Gay Lussac and L. N. Vauquelin noted that hydrochloric acid is decomposed 
by chloric acid into chlorine and water. An aq soln of potassium chlorate reacts 
slowly with dil hydrochloric acid with the evolution of chlorine. The first stage of 
the reaction is probably HC10 S +2HC1^3HO Cl, followed by a reaction between 
the hypochlorous and hydrochloric acids • HCl+H0Cl==H 2 0+Cl2. The complete 
reaction is represented : HC10 3 +5HC1— 3C1 2 +3H 2 0. Raising the temp increases 
the rate of evolution of the gas , and the reaction is accelerated with platinum as 
catalytic agent. A cone, soln of potassium chlorate, says R Wagner, gives very 
little chlorine with dil hydrochloric acid unless the mixture be warmed : KCI0 3 
+6HC1=KC1 +33^0+3012 L. von Pebal 28 and G. Schacherl have based a process 
for the preparation of chlorine onthis reaction Cone hydrochloric acid with a chlorate 
furnishes chlorine dioxide, C10 2 , and chlorine : 2KC10 8 +AHC1=2KC1+C1 2 +2C10 2 
+2H 2 0 When a bromate is treated with hydro chlorio acid, it forms bromine and 
chlorine : 2KBr0 3 +12HCl=2KCl+Br2+5Cl 2 +6H 2 0. Cone hydrochloric acid also 
decomposes the lodates to form water, chloride, free chlorine, and iodine chloride 
The latter may form a double salt with the chloride : KI0 8 +6HC1==3H20 +C1 2 
+KCI.ICI3. R Bunsen showed that in the reaction between potassium chlorate, 
potassium iodide, and cone hydrochloric acid, three mols. of iodine are separated for 
every mol. of potassium chlorate decomposed According to C Winkler, an aq. 
soln of potassium chlorate and iodide is very slowly decomposed with the separation 
of iodine by dil hydrochloric acid ; but if a considerable excess of the acid is 
used, the reaction may be completed at ordinary temp by the decomposition of 
all the chlorate. Similar remarks apply if potassium bromide is used in place of 
the iodide. H Ditz has founded a method for the quantitative determination of 
chlorates on this reaotion R. Luther has shown that a feebly acid soln. of potas- 
sium bromide and chlorate which develops bromine very slowly, completes the 
reaction very quickly if a vanadium salt be present 

A. J Balard showed that bromic acid is decomposed by hydrobromic add into 
bromine and water ; by hydrochloric acid into water and bromine chloride ; and by 
hydnodic acid into water and iodine bromide There are nine reactions belonging 
to this set, namely, chloric, bromic, and iodic acids each with each of the three haloid 
.acids — HC1, HBr, and HI The kinetics of these reactions have been studied 
extensively 29 W Bray has shown that the velocity of the reaction between 
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potassium chlorate, potassium iodide, and hydrochloric acid is proportional to the 
concentration of the chlorate, and to the square of the concentration of the acid ; 
and is a linear function of the concentration of the potassium iodide The speed 
of the reaction is doubled every 8 5° rise of temp The results are explained by 
assuming that the chloric acid is reduced by a slow reaction to chlorous and hypo- 
chlorous acid HC10 8 +HC1=H0C1+HC10 2 , or HC10 3 +HI=H0I+HC10 2 ; 
and the subsequent reduction of the hyp ochlor oils (or hypoiodous) and chlorous 
acids proceeds very quickly The reaction between potassium chlorate, iodide, and 
sulphimo acid has been investigated by J McCrae 

The kinetics of the reaction between bromio acid and hydnodic acid have been 
investigated by W Ostwald (1888), W. Meyerhoffer (1888), G Magnamni (1890), 
etc 30 W. Ostwald showed that the reaction between hydriodic and bromic acids 
is accelerated by the presence of various acids — arsenic, phosphoric, hypophos- 
phorous, hyposulphurous, sulphuric, hydrochloric, mtnc, chlono, perchloric, hydro- 
bromic, lactic, formic, acetic, and propiomo acids — at a rate which is roughly 
proportional to the a ffini ty constants or the molecular conductivity of the added 
acid , hydrobromie acid accelerated the reaction at a fastei rate than corresponded 
with the velocity constant R. H Clark has shown that the rate at which iodine 
is liberated m soln containing potassium bromate, potassium iodide, and hydro- 
chloric acid is proportional to the concentration, of the bromate, to the con- 
centration, of the iodide, and to the square of the concentration, C s , of the acid , 
otherwise expressed : Velocity of the reacfaon=jffC f 1 C 2 C f 3 2 , where K is the velocity 
constant ; if potassium bromide is present m addition, the two halide salts are 
oxidized independently The potassium tri-iodide formed by a secondary reaction 
slightly accelerates the reduction of the bromate. Raising the temp. 10° multiplies 
the rate of the reaction 1*85 times *W. Judson and J W Walker find the reaction 
between hydiobromic and bromic acid in the presence of an excess of sulphuric acid 
to be bimolecular The simplest equation is 5HBr+HBr0 8 ==3H 2 0+3Br 2j 
apparently a seximolecular reaction The difference is explained by assuming that 
the reaction takes place in different stages some of which are extremely rapid 
Bor example, if the reaction occurs in three stages : (i) In the first stage, hypo- 
hromous and bromous acids are produced * HBr+HBiOs=HBrO+HBr0 2 ; 
(n) The hypobromous acid is reduced by the hydrobromie acid : HBr+HBrO 
=H 2 0+Br 2 , and (in) The bromous acid is reduced by the hydrobromie acid : 
HBT0 2 +3HBi=2H 2 0+2Br2. The reductions of the hypobromous and bromio 
acids are probably very fast reactions in the presence of a large excess of sulphuric 
acid, and the speed of the first reaction is alone accessible to measurement, and the 
change in the concentrations of the acid m view of the large excess present is negligible 
— hence C 3 2 is a constant , on the other hand, with the pure acids, the acidity of the 
soln. steadily decreases, and two weak acids — hypobromous and bromous — are 
formed, so that the reaction proceeds quadnmolecularly as found by R H Clark. 
R. Luther and G. V Sammet tried to measure the equilibrium constant of the 
reaction: HBr0 3 +5HBrsr^3Br 2 +3H 2 0, indirectly from the electromotive force of 
the cell Pt[H , Br0 3 , Bt 2 ] | [Br 2 , Br'JPt, and found the extraordinarily small number 
7*3x10"" 84 at 25°. J. Sand found the equilibrium constant of the corresponding 
reaction with chlono acid: HC10 8 +5HCt=^3Cl 2 4-3H 2 0, to be 6*0Xl0” 12 ; and 
with iodic acid : HIOg+SHI^^+SHaO, 2 8xl0” 47 at 25°, and 5*2 Xl0” 42 at 
60°. The reaction in acid soln is virtually completed m favour of the compounds 
on the rig ht si de, and the left side in alkaline soln. Similar remarks apply to the 
reaction * HBr0 8 +5HI=3Br2+3H20, 

According to H. Kammerei, 31 chlorine and bromine have no action on iodic 
acid. E. Souberran found that iodic acid with hydrochloric acid produced Water, 
iodine chloride, and chlorine ; and J L Gay Lussac found that with hydriodic 
acid, it produced water and iodine , and with the iodides of the metals which form 
feeble basic oxides, iodic acid produces the metal oxide and iodine Zn(I0 3 ) 2 
+5ZnI 2 =6ZnO+6I 2 . According to 0. F, Roberts, iodine or potassium iodide and 
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iodic acid, in the presence of hydrochloric acid, form iodine chloride . HI0 3 
+2KI+5HC1=3H 2 0+2KCI+3IC1 , and HI0 3 +2I 2 +5Ha=5lCl+3H 2 0 The 
iodine chloride can be decomposed by alkali hydroxide 6K0H+5I01=5KC1 
+KI0 3 +3H 2 0+2I 2 0 Burohard 82 investigated the kinetics of the reaction 

between iodic and hydxiodic acids, and found the speed to be greater than with 
bromic and hydxiodic acids, and this m turn greater than with chloric and hydri- 
odio acid. The reaction is accelerated by the hydrobromic, hydrochloric, nitric, 
and sulphuric acids, and to a much greater extent by hydnodic and iodic acids 
S Dushman 83 found the speed of the reaction between iodic and hydriodic acids to 
be proportional to the concentration of the iodic acid, to the second power of the 
acid, and to the 1 8 to 1 9th power of the hydriodic acid The speed is increased 
1 4 times per 10° rise of temp If dil hydrochloric or sulphuric acid is added to a 
mixed soln of potassium iodide and "iodate, the reaction: 3H0 8 +5KI4-6HC1 
=3I 2 -|-6KC1+3H 2 0, 18 completed, provided the amount of hydrochloric acid 
theoretically required is present , in fact, the quantity of iodine liberated is directly 
proportional to the amount of acid which is present In consequence, H Ditz and 
B M. Margosches proposed to determine lodometrically the amount of free acid by 
this reaction, titrating the liberated lodme with standard sodium thiosulphate soln. 
The reaction is not complete with acetic, tartaric, and other organic acids, though 
it is with oxalic acid. The process is therefore not suited for organic acids The 
reduction of the iodate, says S Bugarsky, does not take place so readily if the 
potassium iodide be replaced by the bromide, nor agam if the bromide be replaced 
by chlonde In the latter case, a considerable excess of free acid is needed for a 
complete reaction Even carbon dioxide liberates some iodine when the gas is led 
into a mixed solution of iodide and iodate, but not into a mixed soln of bromide 
or chlonde and iodate 

According to A Stock, if a mixture of potassium iodide and iodate be added to 
a slightly acid soln. of an aluminium salt, granular aluminium hydroxide and iodine 
are separated : Al2(S0 4 ) 3 +5KI+KI03+3H20=2Al(0H)s+3K 2 S0 4 +3l 2 The 
reaction is complete only when the mixture is warmed on a water-bath, and the 
iodine separated by the addition of sodium thiosulphate This reaction also works 
with iron and chro m iu m , and has been used for the determination of aluminium, 
iron, and chromium ; if the lion is in the ferrous condition it is simultaneously 
oxidized to the ferric state. The sulphates of tin, copper, nickel, cobalt, and zinc 
behave similarly* With zinc sulphate the reaction is represented ■ lSZnSCb 
+20KI+4KIO3+12H2O=3Zn 6 (OH) 8 SO 4 +12K 2 SO 4 +12I 2 

Sulphuric acid has no action on chloric or bromic acid provided the cone acid 
does not heat the soln to the temp of its decomposition Cone sulphuric acid 
does not attack iodic acid below 15° , above 130°, N. A E Millon found that iodic 
acid is dehydrated by sulphuric acid and converted into io din e pentoxide Sulphuric 
acid dissolves about one-fifth of its weight of iodic acid at 200°, and bubbles of 
oxygen are formed by the decomposition of the iodic acid, and crystals of the pent- 
oxide axe formed ; at higher temp , the acid is decomposed Dil. sulphuric acid 
with a soln. of a chlorate forma chlonc acid Similar results are obtained with dil 
sulphuric acid and a bromate ; and, according to J L. Gay Lussac, with sulphuric acid 
and an iodate at about 100° Cone sulphuric acid with a chlorate gives chlorine 
dioxide, C10 2 , and perchloric acid, HC10 4 — the former dissolves in the sulphuno 
acid colouring it orange yellow* 3KC10 8 +3H 2 S0 4 =3KHS0 4 +HC10 4 +2C10 2 
+H 2 0 — the chlorine dioxide may cause an explosion, so that the experiment is to 
be performed with care on but a granule of the chlorate. When a bromate is treated 
with cono sulphuric acid, bromine and oxygen, neither bromine dioxide nor perbromic 
acid are formed : KBr0 3 +H 2 S0 4 =KHS0 4 +HBr0a ; and 4HBr0 3 =2Br 2 +50 2 
Cone sulphuric acid gives no free iodine with the iodates if reducing 
agents be absent If potassium iodide be also present, iodine is formed : KICL 

Other reducing agents — e g hydrogen 
sulphide, Bulphur dioxide, zinc, ferrous sulphate, etc. — m small quantities when 
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added to an acidified soln. of an iodate produce some iodide which, then reacts &b 
just indicated 

According to H. Ditz and B. M Margosches, a cone, soln of boric acid does not 
separate iodine from the mixture of iodide and iodate unless some glycerol, manmte, 
or dextrine be present ; no iodine is obtained from a mixture of bromide and iodate 
even in the presence of glycerol A. Hileman proposed to determine fluorine 
iodometncally from the reaction : H 2 SiE 6 +5KI-j-KI08=6KE+3l2+Si02+H20 

Chloric, bromic, and iodic acids are not decomposed by nitric acid. Chloric 
and bromic acids oxidize nitrous acid to nitric acid , e g, 5HN02+2HBr0s=5HN0 3 
+H 2 0 H-Br 2 , this reaction proceeds rapidly at ordinary temp , and is the base of 
a method for the quantitative determination of nitrites 84 Aq soln of iodic acid 
oxidize nitric oxide, NO , nitrous acid, HN0 2 , nitrogen peroxide, N0 2j forming 
iodine and nitric acid The reaction occur only m the presence of much water 
Nitric acid of greater sp gr than 1 46 is not reduced while dissolving iodic acid. 
Nitric acid of sp. gr 1*4 dissolves potassium chlorate without coloration, and when the 
soln. is evaporated to dryness, chlorine and oxygen are evolved, and perchlorate is 
formed ; 36 if the nitric acid contains some nitrous acid, the soln is coloured yellow, 
and hydrochloric acid is formed If a little sodium nitrite is added to a soln of 
potassium chlorate acidified with nitric acid, the chlorate is reduced to chloride 
m about 10 minutes Heated in sealed tubes with cone mtric acid or fuming 
nitric acid potassium chlorate is quantitatively reduced. Bromates are decomposed 
by nitric acid with the evolution of oxygen, and the separation of bromine. When 
iodates are heated with, nitric acid, the iodic acid is wholly or partially liberated 
from the base. 

Phosphorous acid and phosphine are oxidized by chloric, bromic, and iodic 
acid to phosphoric acid Iodic acid acts on phosphorus forming phosphoric acid, 
iodine, etc. A Ditte 36 found that iodic acid converts powdered arsenic to arsenic 
acid, HsAs04 , and pieces of arsenic are attacked at about 30°, forming arsenic 
trioxide. Phosphoric acid partially dehydrates iodic acid without combination ; 
but if iodic acid be added to a hot soln. of phosphoric acid boiling at 150°, the soln 
deposits prismatic crystals of the complex phosphatoiodic acid, P 2 0 6 181 2 0 6 4H 2 0. 
The potassium, sodium, ammonium, and lithium salts of this acid have alone been 
prepared by P Chretien. According to R Chenevix, chlorates are decomposed 
when heated with phosphoric add or arsenic acid, but arsenic trioxide has no 
action on the chlorates. J. W Slater also found that phosphorus reduces aq soln. 
of potassium chlorate to the chloride, forming phosphoric and phosphorous acids ; 
arsenic under similar conditions forms arsenate Phosphorus pentachloride, 
PCI5, has but little action on cold potassium chlorate, but when a mol of phosphorus 
pentachlonde is melted with three of potassium chlorate, chlorine and chlorine 
dioxide, and potassium chloride and phosphoryl chloride are formed 37 

Chlorates, biomates, and iodates are reduced to the corresponding halide by 
zmo dust, aluminium, or De varda’s alloy — copper, 60 ; aluminium, 46 ; zinc, 6. 
In his study, The action of chloric acid on metals , W. S. Hendrixson 88 showed 
that the action may follow one or both of at least two courses (1) The acid may 
dissolve the metal with the liberation of hydrogen in the same way as hydrochloric 
acid, and with very little oxidation : 2M+2H0C1=2M0C1+H 2 ; and (n) The 
acid may act as an oxidizing agent The actual course of the reaction depends 
upon the nature of the metal and the concentration of the acid He found no metal 
dissolves in the acid without the reduction of at least a portion of the acid. Cadmium, 
copper, iron disappear in the acid without the evolution of any gas whatever. 
D Tommasi stated that sodium amalgam and potassium ama l g am dissolve in 
cold chloric acid without the least reduction of the acid, but W S Hendrixson 
found that there is a Blight reduction of the acid Mercury alone, at 40°, is scarcely 
affected by the acid after four hours 1 treatment. When magnesium is dissolved, 
about one-twentieth of the amount dissolved reduces the acid, and the remainder 
forms magnesium ohlorate with the evolution of an eq. amount of hydrogen. 
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According to J L Gay Lussae and J. J Berzelius, chloric acid dissolves zinc with 
the evolution of an eq amount of hydrogen , on the contrary, L N. Vauquehn and 
M J. Fordos and A G61is say that it dissolves with the reduction of the acid without 
the evolution of hydrogen , L Gmelin says it dissolves both with the evolution of 
hydrogen and the reduction of the acid D Tommasi found that the acid is completely 
reduced by an excess of zinc and sulphuric acid, and zinc is used m the presence of 
sulphuric acid as reducing agent for converting chlorates to chlorides m analysis, 
W. S. Hendrixson found that with normal chloric acid about 33 per cent of the dis- 
solved zmc liberates hydrogen, and about 66 per cent of the dissolved zinc reduces the 
chloric acid to chlonde , wrth 2iV-chlonc acid, rather less hydrogen is evolved, and 
more of the acid is reduced to chloride D To mm asi found only a trace of hydrochloric 
acid m chloric acid which has been treated with aluminium for six hours , while 
W S Hendrixson found about 20 per cent of the metal is dissolved by 2iV-chlono 
acid with the liberation of hydrogen, and the remainder is reduced to chloride 
H Schiff and D Tommasi stated that iron reduces chlorates , and W S Hendrixson 
found iron to dissolve readily in dil or cone, chloric acid without the evolution of 
any gas at all, and that iron quantitatively reduces both chloric and bromic acids, 
so that if iron and sulphuric acid are added to a chlorate or bromate, the reduction 
to chloride or bromide is complete — the chloride or bromide may be determined 
by titration with silver nitrate. Tin 9 like iron, passes at once into soln as stannic 
chloride, no gas is evolved, and about 99 per cent, of the tin reduces the acid to 
chlonde — very little stannic oxide is formed. A. A Brochet found that copper 
rapidly dissolves m warm chloric acid forming a blue soln Copper becomes covered 
with a crust of cuprous oxide when dipping m cold normal soln. of chloric acid , 
hence the dissolution of copper is a case of simple oxidation to cuprous oxide which 
dissolves first as cuprous chloride and chlorate, and is then oxidized to the cupric 
chloride and chlorate This suggestion explains how m the electrolysis of soln. 
of some chlorates with a copper anode, more copper is dissolved at the anode than 
is deposited on the cathode. Similar remarks apply to cadmium and nickel. 
Mercury and antimony dissolve but slowly m the cone acid at 70° ; bismuth is 
slowly oxidized, and a portion goes into soln. Silver ib dissolved by chloric, bromic, 
or iodic acid, and the acid is reduced according to the equation : 6 Ag+ 6 HC 103 
=5Ag010 8 +AgCl+ 3H 2 0. The reduction of chlono acid by the metals cannot 
m all cases be regarded as the effect of nascent hydrogen, but is rather an effect of 
the tendency of the metal, under the conditions of the experiment, to oxidize at 
the expense of the oxygen of the acid, or to go mto soln at the expense of the 
hydrogen which is set free. In the case of iron, tin, and bismuth, the preliminary 
oxidation of the metals is evidenced by the appearanoe of the oxides — in the case 
of iron, the oxide dissolves in the excess of acid ; with bismuth, the oxide remains 
undissolved. Arsenic, arsemous acid, and arsemtes are oxidized by the chloric, 
bromic, and iodic acids, or their salts m acid soln : 3H3As0 8 -fHBr0 8 ==3H 8 As0 4 
+HBr. The conversion of antimonious to antimomc or of arsenious to arsenic 
salts by a standard soln. of potassium bromate : KBr0 8 +7HC31+3SbCla : ==3H20 
-f- HB r-f-KCl +SbC] 6 , is the basis of S. Gyory’s process for the volumetric determina- 
tion of antimony 89 — the destruction of the tint of methyl orange by the excess of 
bromate is utilized for indicating the end of the titration. 

The alkali metals and magnesium are attacked in the cold by cone soln, of 
iodic acid ; aluminium is attacked more slowly ; zinc and cadmium are slightly 
attacked in the cold, rapidly at 100°, disengaging hydrogen and forming lodates ; 
iron dissolves easily in the cold , bismuth is slowly converted by heating into the 
lodate ; copper forms a deposit of cuprous lodate , mercury forms a mixture of lodde 
and lodate ; silver slowly forms iodide and iodate , tin, lead, palladium, gold, and 
platinum are not attacked by iodic acid. H Davy’s statement that iodic acid 
dissolves gold and platinum was contradicted by A Connell and by G. S S6ruUas. 
The affinity of the metals, potassium, sodium, barium, and silver, said W Muller- 
Erzbach, stands in the order named. According to S. Cooke, potassium chlorate 
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is rapidly reduced by platinum charged with occluded hydrogen ; and according 
to 0. Loew and K Abo, the chlorates and lodates are reduced by platinum black m 
the presence of glucose In aoid soln zinc and ferrous sulphate reduce lodates with 
the separation of iodine, and neutral and alkaline soln of lodates are reduced to 
iodides by boiling with zinc dust 

A method of analyzing mixtures of silver bromate or lodat© with silver halides 
was based by A. Purgolti on the property possessed by potassium hydroxide 
or sodium hydroxide of attacking the former, and not the latter 0 A Lobry de 
Bruyn 40 found that chlorates have no action on hydroxy lamine, but inflammation 
occurs if a drop ot sulphuric acid is added ; xodateB are reduced by hydroxylamme. 
D Vitali observed that hydroxylarume and phenylhydrazme did not decompose 
chloric acid, and bromic acid only when heated , iodic acid is reduced in the cold by 
these reagents. Alkaline soin of the chlorates are not reduced by hydrazine 
sulphate, but in other soln, the oxidation proceeds: 4(N2H 4 .H 2 S0 4 )+40=2N' 3 H 
+(NH 4 ) 2 S0 4 +3H 2 8O 4 +4Ha0, and A. W Browne and F F. Shetterley have 
shown that within certain limits, the yield of azomnde is proportional to the con- 
centration of sulphuric acid, and inversely proportional to the excess of chlorate , 
the highest yield with potassvum chlorate was 22 44 per cent of N 3 H and 48 76NH 3 , 
with potassium bromate, 6 88 per cent, of N 3 H, and 9 77 per cent of NH S , and none 
with potassium lodate. According to M Schlotter, the reduction of alkali bromates 
by hydrazine sulphate, 2NaBrO s +3N 2 H4=2NaBr+ 6H 2 0+3N 2 , enables the 
bromates to be determined under certain conditions from the volume of nitrogen ; 
the reaction with hydioxylamine sulphate is 4NaBr0 a +12NH 2 0H=4N'aBr+18H 2 0 
+6N 2 +30 2 — some nitrous acid is formed at the same tune. E Rim mi symbolizes 
the reaction between potassium iodate and hydrazine sulphate : 3N 2 H4 H 2 S0 4 
-j~2K!1 03=3N2-|-6H 2 0-{-!EL 2 S0 4 -f-2H 2 S0 4 .-|-2HI j followed by 10HI— {-2HI03-j-H 2 S04 
=K 2 S0 4 +GH a 0+6l2 ; and m alkaline soln.. 3N 2 H 4 H 2 S0 4 +2KI0 3 -j-6K0H 
==3N 2 +2ET-t-3K 2 S0 4 4-12H 2 0 

According to Q Pellagri, 41 potassium chlorate maq soln is reduced to the chloride 
by shaking it with iron filings ; and H Eccles noted that it is readily reduced by 
boiling it with a copper-zinc couple — potassium perchlorate is not reduced under 
similar conditions. Hence, the amount of the one salt can be readily determined 
when in the presence of the other On the other hand, J. G Williams found the 
perchlorates are reduced by titanium trichloride, while the chlorates are not affected. 
Here again an analytical process is available. 

W , Oechsii 42 tried to oxidize chlorates by ozone, but obtained no definite results, 
although T Fairley olaims to have oxidized hypochlorous acid to perchloric acid 
by ozone 0 W. Bennett and E. L. Mack also established the fact that while the 
oxidation process is not efficient, it is distinctly m evidence and is favoured by the 
presence of silver oxide, and it also is carried on by oxygen activated by ultraviolet 
light. C. F. Schonbein reported that hydrogen peroxide does not act on aq soln, 
of potassium chlorate or perchlorate , 43 and S M. Tanatar stated that hydrogen 
peroxide has no effect on acid or neutral soln of the chlorates, while the bromates 
are quickly reduced to bromides, but, according to P Jannasch and A Jahn, 
hydrogen peroxide partially reduces alkaline soln of the chlorates, and completely 
reduces the chlorates m dd. nitric acid soln. C. W, Bennett and E. L. Mack obtained 
no oxidation of hydrogen peroxide m alkaline or neutral soln , but m acid soln, 
hydrogen peroxide transforms chlorates largely into chlorides, chlorine and chlorine 
dioxide are set free during the reaction. It is supposed that the chloric acid is 
reduced to hydrochloric acid in the primary reaction, and this is followed by a 
secondary reaction: 2H010 3 +2HC1=2H 2 0+2C10 2 H-Cl2 It is assumed that 
in a dil. soln of chlorio aoid, a little chlorine is formed by spontaneous decomposi- 
tion ; this rreaets with the hydrogen peroxide, forming hydrochloric acid, which then 
attacks the remaining chloric acid, forming hydrochloric acid, chlorine, chlorine 
dioxide, and oxygen. The reaction is thus auto -catalytic, in that a small amount 
of hydrochloric acid is sufficient to start the reduction The formation of chlorides 
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in a soln. of chloric acid and hydrogen peroxide is appreciable at temp above 80° f 
m agreement with J Sand’s observation that the velocity of the reaction between 
hydrochloric and chloric acids is appreciable only at temp above 70°. With 
hydrogen peroxide soln. containing less than O' 6 per cent, of iodic acid are slowly 
decomposed with the separation of iodine : 2HIOg +5H 2 0 2 =I 2 + 6H 2 0 +5lg, with 
more cone soln the separated iodine reacts with the hydrogen peroxide . I 2 -f-5H 2 0 
=2HI03+4H 2 0, so rapidly that the soln. remains colourless. 

Chloric acid is oxidized to perchloric acid by persulphates in acid solution, and 
particularly m the presence of traces of silver salts as catalytic agents. Acid 
solutions of permanganates do not oxidize chlorates to perchlorates. A Purgotti 44 
based a method for the analysis of a mixture of silver bromate or lodate with silver 
halides, on the property possessed by potassium or sodium hydroxide of attacking 
the former, and not the latter. A Longi and L. Bonavia find that fiodium peroxide 
has no aotion on lodates or iodides, but it reacts on iodine in dll soln,, forming 
iodides, and in cone, soln , forming oxyiodides. The different varieties of carbon 
are converted by iodic acid into carbon dioxide , the diamond, however, resists the 
acid at 250° , wood charcoal is attacked at 160°, sugar charcoal, at 175°, coke 
and coal, at 180° ; anthracite, at 210° ; graphite at 240° ; amorphous boion is 
oxidized at 15° , crystalline silicon at 250°. Carbon monoxide is oxidized to the 
dioxide by iodic acid When carbon disulphide is heated m a sealed tube with 
iodic acid, it forms iodine and hydriodie acid , and aq lodates under s imil ar condi- 
tions are reduced to iodides. 

Iodic acid is distinguished from chloric and bromic acids in the facility with which 
it forms acid salts In addition to salts of the type MIOg, G. S S&rullas (1830) 
prepared salts of the type MHE 2 0 a , and C W. Blomstrand (1889) salts of the 
type MH 2 IgO fi The conductivity and the lowering of the f.p. of soln of -iodic acid, 
bromic and chlono acids point to the formulae HlOg, HBrO g and HClOg respectively. 
This is confirmed by the behaviour of soln of the corresponding chlorates and 
lodates. 

Uses. — Potassium and barium chlorates are used in the manufacture of fire- 
works, of safety matches, explosives, etc Potassium chlorate is used medicinally — 
especially for gargling the throat in cases of infla mma tion- Large quantities are 
poisonous, as is also the case with other potassium salts The same salt, or the 
oheaper sodium ohlorate, is used as an oxidizing agent and for preparing oxygen 
in the laboratory. The alkali chlorates are used as an oxidizing agent m the dve 
industry, and in calico printing The bromates are also used as oxidizing agents 
The so-called bromine salt , once recommended as a source of bromine m a process 
for the extraction of gold, was a mixture of sodium bromide and bromate Potas- 
sium iodate is used in analysis, and the iodates and bromates are used m certain 
medicinal preparations. 

The detection and determination of the chlorates, bromates, and iodates. — 

Silver nitrate gives no precipitate when added to a soln of a chlorate, but if sul- 
phurous acid be added to the mixture, the chlorate is reduced to a ohloride, and a 
precipitate of silver chlonde is formed : AgC10 8 +3H 2 S03=3H 2 S04+AgGl. Cold 
soln of bromate form a sparingly soluble white precipitate of silver bromate which 
dissolves in hot water and ammonia, but is neither dissolved nor decomposed by 
dil mtrio acid. A similar precipitate of silver iodate is formed in soln of the 
iodates-. Mercurous nitrate gives no precipitate with the chlorates ; a white precipi- 
tate with bromates , and a pale-yellow precipitate with iodates. Mercurous 
bromate and iodate are insoluble in dil nitric acid Hydroohlono acid converts 
mercurous bromate into a mixture of mercuric chloride and bromide. Mercuric 
chlonde gives a precipitate of mercuric iodate with iodates, but no precipitate 
with bromates or chlorates. Copper sulphate in sulphuric acid soln gives a precipi- 
tate of cuprous iodide with iodates, but no precipitate with chlorates or bromates. 
Ba/num chlonde or lead nitrate gives a white precipitate of barium iodate or lead 
iodate, as the case might be. with the iodates, but not with bromates or chlorates. 
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A soln. of 'potassium permanganate is not decolorized by chlorates, but it is by the 
lower oxy chlorine compounds. Diphenylamme sulphate 45 colours chlorates, 
bromates, lodates, hypochlorites, or nitrates an intense blue , brucine colours a 
sulphuric acid soln. of chlorates or nitrates orange-red , according to E. Luck the 
colour disappears on adding stannous chloride. According to G Demg6s, a soln. 
of resorcem 46 (2 guns, in 100 c c of water) gives a green coloration with chlorates, 
but not with bromates According to R. Bottger, chloric or bromic acid is 
coloured blue when added to a drop of pure amline previously mixed with 1 c c. of ’ 
sulphuric acid —nitrates and iodates give a brownish-red coloration under similar 
conditions. 

Fifteen drops of a mixture of equal volumes of aniline and o-toluidme give a dark 
brown coloration with one drop of a 5 per cent solution of potassium nitrate , and an 
intense blood -red coloration with one drop of a one per cent soln of potassium chlorate • 
a blood-red coloration with a 0 1 per cent soln. of the chlorate , and, on standing 15 
minutes, a pale brown coloration with one drop of a 0 01 per cent soln of the chlorate. 

Chlorates are reduced to a lower state of oxidation by sulphurous aad } and the 
soln. then decolorizes indigo ; while chloric acid does not decolorize this reagent, 
bromic acid does. 'Ferrous salts in the presence of dil sulphuric acid quickly 
reduce chlorates, but not perchlorates, to chloride : KClOg+S^SOa+dEeSO* 
=3Fe 2 (S04) 8 -l-3H s 0 +KC1. 

Chlorates can be determined (1) by reducing the aq soln. with a Zn-Cu couple : 
KC103+3H 2 =KC1+3H20 Zinc hydroxide formed simultaneously contains some 
zinc oxychloride. Hence the residue, after filtration and washing, is digested 
with dil nitnc aoid , the zinc precipitated by shaking the soln. with an excess of 
calcium carbonate ; and the clear soln filtered off. The mixed filtrates contain 
tho chlorine of the chlorate m the form of chloride, and this can he deter min ed m 
the usual way. (2) Digest the soln. of chlorate with a known amount of stannous 
chloride in dil. hydrochloric acid : 3Snd 2 +Kd03+6HCl=3SnC] 4 +KG+3H 2 0. 
The excess of stannous chloride unacted upon by the chlorate can be determined by 
titration with a standard soln of potassium permanganate (3) Sodium hydroxide 
is added to a soln. of ferrous sulphate ; the alkali chlorate is added and all is boiled 
for a few minutes. The precipitate is dissolved in HC1 and titrated with a standaid 
soln. of potassium bichromate to find the amount of ferrous salt. The precipitated 
ferrous hydroxide is oxidized by the chlorate. 

The constitution of chloric, bromic, and iodic acids. — The constitution of 
chloric aoid is by no means clear. Some follow A. KekuI6 and W Odlrng, 47 and base 
the graphic formulsB on bivalent oxygen and univalent chlorine Chlono acid is 
then represented : HO —0 — 0 — G It is known that carbon compounds with chains 
of oxygen atoms are usually less stable the longer the chain of oxygen Here, the 
contrary is the case, HOG is least stable, and HOOOOG is the most stable of the 
oxy- chlorine acids. 0. W. Blomstrand therefore supposed that the chain formulas 
are improbable , the constitution of the osyhalogen acids can be most satisfactorily 
explained by assuming that the halogen atom is multivalent, and reaches its maxi- 
mum septavalency in periodic acid. Accordingly, chlorine monoxide is constituted 
like nitrogen monoxide, viz G — 0 — Cl, chlorine dioxide, G0 2 or G2O4, like 
nitrogen oxide, namely Og^Cl— C1=0 2 , and chloric acid like mtno acid, 
namely — 

HO-CKq HO-C1<o 

where chlorine is respectively represented as qumque- and ter-valent. There 
is evidence of an isomorphism between chlorates and nitrates. W. Spring assumed 
that the chlorine atoms in all the chlorine acids have the same function and proper- 
ties, and accordingly the same valency. He therefore objects to C W. Blomstrand 5 s 
suggestion, D. Vorlander, however, rejects A. Kekul6 5 s cham formula, and prefers 
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C W Blomstrand’s H Stanley argues that the decomposition products of chloric 
acid favour the formula : 

H-C1<£>0 

and says the increasing stability of the oxy-acids is probably connected 'with the 
quadnvalency of oxygen The decomposition of chloric acid into perchloric acid 
and chlorine dioxide is then represented 

3H-Cl<g>0 H-CKglg + S' >C1-C1< 0 + H 2° 

Chlonc acid Perchloric acid Chlorine dioxide 

Perchloric acid and its salts are more stable than the chlorates, and yield no chlorine 
dioxide when heated , they at once evolve oxygen and leave a chloride when 
heated 

According to H W Foote and L H, Levy, soln of the alkali chlorates in other 
molten salts gave f p indicating that the mol wt under those conditions are normal 
A Rosenheim and 0 Liebknecht 48 found the mol wt of acid by the f p method 
depend on the concentration, and that the acid m dil soln is a monobasic acid, and in 
cone soln the acid is polymerized and exists as a dibasic acid, H 2 I 2 0 6 . E Gro- 
s chuff and P Walden also showed that the electrical conductivity of iodic acid 
soln corresponds with a monobasic acid, as is also the case with chloric and bromic 
acids The monobasic acid, therefore, can be represented by A Kekule’s type of 
formula with iodine univalent or C W Blomstrand’s type of formula, with lodme 
qumquevalent and iodic anhydride, i e. iodine pentoxide will be represented : 

2>I-0-I<0 


In 1874 J Thomsen argued that, unlike chlonc and bromic acids, iodic acid is dibasic 
and should he represented by the formula (HI0 3 ) 2 , t e. H 2 I 2 O 0 , because (i) chloric 
and bromic acids form very soluble normal salts, never acid salts, while iodic 
acid forms many sparingly soluble salts, and with the alkalies it forms a senes of 
acid salts, and the anhydride I 2 0 6 is easily formed by warming the acid (HIO s ) 2 
(n) Iodic acid forms rhombic crystals lsomorphous with dibasic succinic acid, 
C^COOH)* and itaconic acid, CH 2 : C(CH 2 C00H)C00H (m) While the heat 
of formation of the halide acids decreases as the at. wt of the halogen increases, 
and the same rule applies to chlonc and bromic acid, but with iodic acid, the result 
is quite different, for its heat of formation, instead of being smaller, is twice as great 
as that of chlonc acid, (iv) If the formula of iodic acid be doubled, and the acid 
constituted ■ I I0 b H 2j penodic acid with the formula H 5 I0 6 may he regarded as 
iodic acid with three hydrogen atoms substituted in place of one iodine atom in 
iodic acid, so as to give H 3 I0 6 H 2 In 1889, G W Blomstrand argued that iodine 
in iodic acid is qumquevalent, with an oxygen atom and a hydroxyl radicle hound 
to an 10 radicle ; and he adapted this hypothesis to the acid and more complex 
lodates , for example, he represented potassium di-iodate, KI0 3 HIO 3 , potassium 
tn-iodate, KIO s 2HI0 3 , and potassium molybdamoiodate, KI0 3 Mo0 3 , and 
C Fnedheim represented potassium sulphatoiodate by the following formulae : 


k \tAt^oh ko. t<€ oo_oh t .o 
0 > 1 < 0> 1 <0 H 0 >:I< 0 ^ T< 0 ^0 


Pota&aium di-iodate 


Potassium tn-iodate 


0 >I< 0 >M°«o o> T < 0 > SO <OH 

Potassium molybdamo- Potassium sulphato 
lodato lodate 


A Rosenheim and 0 Liebknecht use a similar hypothesis for the simple and 
complex lodates 


Iodic acid can be regarded as iodine pentoxide, I a O„ m which only one oxygen atom 
is replaced by eq hydroxyl groups to form I a O 4 (0H) 2 , or HglaO#, or 2HIG 3 Acids formed 
from anhydrides m this way are regarded as meta- acids, so that ordinary iodic acid can 
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also be called meta-iodle acid, and tlio salts metaiodates , the acid formed by replacing 
a second oxygen atom by hydioxyl groups is I 2 0 3 (0H) 4> or H 4 J 2 0 7j and is called dimeso^ 
iodic acid ; the next acid of the senes, I 2 O a (OH) 6 or H a I0 4 , is meso-iodlc acid ; the next, 
I 8 0(0H) 8 orH B I 2 O J0 , is dl-orthoiodio acid ; and the last of the senes, I a (OH) 10 orH 10 I a O 10 , 
or 2HolO fi is ortho-iodic acid. 
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§ 13. The Halogenaies — Chlorates, Bromates, and Iodates — o! the Metals 

Exact observations, guided by the principles of the so-called physical chemistry, have 
shown that an indefinite number of compounds which have been reported in chemical 
literature, are mere mixtures 

Tlie chlorates of the different metals are obtained by the action of the acid on 
the oxide or carbonate ; by the action of a sulphate of the desired metal on a soln. 
of barium chlorate ; Rh 2 S0 4 +Ba(C103)2=2RbC10 3 +BaS04 , or by the general 
methods previously discussed. Similar remarks apply to the bromates and iodates 
Chlorates 1 and iodates 2 have been reported in Chib saltpetre, and potassium 
xodate in many other varieties of soda and potash nitre, and m mineral phosphates 
A, Muntz 3 supposes that the nitrification bacteria m oxidizing the nitrogen also 
oxidized the iodides Chloric and bromic acids are monobasic, and each forms a 
senes of normal salts : MC10 S wH 2 0 or MBr0 8 nH 2 0 respectively. The iodates 
are usually less soluble in water than the corresponding chlorates and bromates ; 
and the bromates less soluble than the chlorates The resemblance between the 
axial Tatios of crystals of silver lodate and nitrate has suggested a possible isomor- 
phism between the nitrates and iodates The iodates are much more stable than 
the bromates ox chlorates In addition to the salts of meta-%odiG acid, l20 4 (0H) 2 , 
i.e. HO I0 2 , or HI0 3> called normal, iodates, monoiodates, or meta-iodates, 
G. S. S6rullas 4 has shown that iodic acid, unlike chloric or bromic acid, forms a 
series of well-defined, stable acid salts — the di-iodates MIOg HI0 S riR 2 0 ; and 
the tririodates ; MI0 3 2HI0 3 rzH 2 0— and a number of complex salts. The acid 
salts crystallize from soln of the normal iodates by the addition of iodic or other 
acids. Alkali salts of arikydro-wefoe acid , H 2 I 4 O u , i.e I 2 0 6 2HI0 3 , have been 
prepared by H. L. Wheeler and H. Landolt ; and a copper salt of dimeso-iodic 
aad or pyro-iockc add , HJ 2 0 7 , has been reported by A. Ditto. R. Rea prepared 
chlorates of the heavy metals by the decomposition of their sulphates with barium 
chlorate. He found that the chlorates of zme, mercury, chromium, iron, copper, 
and uranium, and the nitrates of zinc, copper, aluminium, and iron are decomposed 
by hexamethylenetetramine , but the chlorates of nickel, cobalt, magnesium. 
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manganese, cadmium, and calcium, as well as tie nitrates of nickel, cobalt, mag- 
nesium, manganese, and cadmium give addition complexes with, that agent. R. Rea 
found that many of these complex nitrates and chlorates are isomorphous and 
lsodimorphous 

The alkali chlorates. — Lithium ohlorate forms deliquescent crystals which 
H. Bruhl 6 observed m three modifications , it also forms a hydrate, LiClOg £H 2 0, 
in plates with twin lamellae Sodium chlorate is but very slightly hygroscopio ; 
it usually crystallizes m the cubic system ; the crystals are not therefore 
isomorphous with potassium chlorate According to H. Copaux, 6 sodium chlorate 
is tetramorphous, forming : ( 1 ) the ordinary cubic form , (li) unstable rhombic 
crystals isomorphous with sodium nitrate ; (m) unstable monocline crystals 
isomorphous with potassium chlorate ; and (lv) rhombic or pseudo-cubic crystals 
of low birefringence formed when the salt is crystallized m the presence of sodium 
sulphate and sodium perchlorate The cubic crystals separate from the fused 
salt, and form aq soln at ordinary temp , but E Mallard showed that rhombohedral 
crystals, very strongly doubly refracting, are obtained from strongly undexcooled 
soln. The efieot of various conditions and foreign substances in the soln of sodium 
chlorate on the habit of the crystals has been studied by L. Wulff, E JacobBen, 
C von Hauer, H von Poullon, and E Perucca The last named stained the crystals 
with sodium or ammonium tnphenyltn-p-amido dipheny ltolyl carbmol d> (or 
mono-) sulphonate (extra China blue), and found by ultra-microscopic examination 
that the dye is not present m the colloidal state , he also studied the effect of the dye 


on the rotatory power of the crystals, but was unable to find a simple relation between 
the intensity of the coloration and the ro- 

tatory power The cubic crystals of sodium g Ev 

chlorate are tetartohedral, and, as shown Q/ p /ty (/\\\\ 

by H Marbach in 1854, they are optically s a d io A J a p \ h 

active, and rotate a ray of polarized light j [ I \ p II. 

about 6 5 times less than quartz E. Perucca 

found the rotatory power is not constant Piog 13 and 14 — Hight- and Left-handed 
with different crystals or with the same Crysteds of Sodium Ohlorate. 

crystal at different points or in different 

directions. The mean value for the D-line is +3T20° (13°), and the rotational 
dispersion, a, at 13° when the wave-length, A, is expressed m ju/x and a m degrees is 
a= 1 1 68300A - 2 — 0 3514+0 000000306A 2 , T M Lowiy’s formula, a=a/(A 2 — &), is 


not applicable Both nght- and left-handed forms are known L. Sohncke found the 
rotation to be 2 38° for the R-line , 3 16° for the D-bne , and the angle increases as the 
refrangibility of the rays until, as P. A Guye found, it reaches 14 727° with one of the 
cadmium lmes. The opposite rotations are equal in magnitude but of opposite sign. 
The nght- and I eft-handed crystals have a mirror-imag e symmetry. The right-handed 
orystal of sodium chlorate, Pig 13, has A(100), p(210), £(110) ando(lll) ; and the 
left-handed crystal, Fig 14, has A(100), y(210), £(110), and o(lll) H. Copaux 
explains the rotary polarization of the cubic crystals by assuming that they are 
twin-aggregates of the pseudo-cubic form. The rotatory power increases with 
temp about 0 00061 per degree The etching figures on crystals of sodium chlorate 
are, according to H Baumhauer, right- and left-handed P Pockels has studied 
the effect of an electrostatic field on the optical activity of the crystals. According 
to J Beckenkamp’s observations on the x-radiograms of sodium chlorate, 
the structure is similar to that attributed to calcite when the calcium atoms are 


replaced by sodium, and the carbon atoms by chlorine 

Aq soln of sodium chlorate are optically inactive no matter whether the soln. 
be made from the nght- or left-handed crystals — presumably because fora state of 
stable equilibrium — dynamic isomerism — equal quantities of the two isomers are 
required, and when the aq soln. of either form is allowed to reorystallize, H Landolt 7 
found equal proportions of the two forms are obtained, but D Gernez showed 
that if a right- or left-handed crystal be added to the ursdercooled soln , only one 
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kind of crystal, tie same as that used for the inoculation, separates from the soln. ; 
F. S Kipping and W. J. Pope noticed that the presence of a certain quantity of another 
optically active substance favours the formation of one of the two forms. Potassium 
chlorate forms clear or white, colourless, non-hygroscopic crystals belonging to the 
monoclmic system 8 in plates or prisms (Fig. 1, Cap XI), m which the axial ratios 
are a: b c=0*8331 1 : 1*2673; and /}=109° 42'. The crystals usually resemble 
the rhombohedral crystals of caleite, and of sodium nitrate According to 
E Mallard, these crystals are stable up to the m p , and according to A. Ries, down 
to very low temp. P. W. Bridgman investigated the effect of press and temp, 
on potassium chlorate, and found that under a presB. of 5680 kgrm per sq cm , 
a transformation into a second modification occurs at 0°, and the effect of 
increasing press, on the transition temp is 

Press . . . . 6680 6090 7110 7730 kgrm per cm 

Transition temp . • • 0° 40° 140° 200° 

Change of vol * • • 0*02510 0 02601 0 02479 0 02466 c o per grm 

Latent heat . . . * 0 7029 0 8023 0 1050 0 1196 kgrm m per grm 

The crystals of rubidium and caesium chlorates, according to A Ries 
and J. W Retgers, are isomorphous with those of potassium ohlorate. 
J. Herbette has studied the isomorphism of crystals of potassium nitrate 
and chlorate. Monoclmic crystals with 65 per cent of chlorate and 35 per 
cent of nitrate were obtained, but no rhombic mixed crystals of nitrate and 
ohlorate Hence, the unstable monoclmic form of the nitrate is isomorphous with 
the stable form of the chlorate , but no rhombic form of chlorate is isomorphous 
with the Btable rhombic form of the nitrate. Crystals of sodium chlorate are usually 
homogeneous, and doubly refracting portions are shown only at low temp , ® 
R. Brauns induced a temporary double refraction by compressing the crystals. 
The index or refraction 10 of sodium chlorate for the B-line is [jl = 1 51163 , for 
the D-lme, p,=l *51267 ; and for the Cd-lrne, fi ,= 1 58500 — at 23°. The hardness 
of potassium chlorate is less than that of rock salt. The specific gravity 11 of sodium 
chlorate is given as 2 289 by C. H. D. Bodeker ; 2 490 at 15° by J. W. Retgers, 
2 996 by M le Blanc and P. Rohland , 2 488 by H. Landolt , and 2 467 by 
M. Berthelot The sp gr of potassium chlorate is 2 326 at 3*9° according to 
J P. Joule and L. Playfair ; 2 35 at 17*5° (water umty) according to P Kremers. 
The extremes of five measurements by H. G F Schroder are 2 246 and 2 364. 

According to H W Foote and L. H. Levy, the specific heat of solid sodium 
chlorate is 0*281, and of the molten salt, 0 581 ; the latent heat of fusion is 48 5 
Cals, per gram According to H. Kopp, 12 the sp. ht. of potassium ohlorate 
between 19° and 49° is 0*15631 ; and according to H, Y. Regnault, 0 20956 between 
16° and 98°, and the mol ht., according to M Berthelot, is 23 8 According to 
L Graetz, the thermal conductivity of potassium chlorate at 13° is 0 001153 The 
heat of formation 18 of potassium chlorate from its elements is 95 86 Cals , and of 
sodium chlorate 84*40 Cals. ; the heat of neutralization, 2K0H aa# +Cl 2 02aq =27 52 
Cals , and of sodium chlorate, 13 76 Cals , the heat of the reaction . 3C] 2 +6KOH, 
=etc. is 97 945 Cals ; the heat of decomposition: 4KC10 8 =3KC10 4 +KCl+63 Cals ; 
and : KCJ10 s =KCl+30— 9 77 Cals , and for sodium chlorate, 12*3 Cals , the heat 
of oxidation of potassium chloride m soln is 15 37 Cals ; the heat of solution of 
Eodium chlorate at 10° is —5 57 Cals , and of potassium chlorate —10 04 Cals , 
so that the water is cooled when the alkali ohlorate is dissolved ; and the solubility 
increases with a rise of temp E. F. von Stackelberg found the heat of soln. Q of n 
mol of potassium chlorate in 100 of water to be <2=10500— 1625w cals. 

According to H. Bruhl, the melting point of lithium chlorate, LiC10 s £H 2 0, is 
63°-65° — A Potihtzin gives 50° ; the molten mass readily forms an undercooled 
fluid. The hydrate becomes anhydrous in dry air at 90°, and melts at 129°. Lithium 
chlorate begins to decompose at 270°, and at higher temp the decomposition 
is more rapid The rate of decomposition reaches a maximum with nse of temp.. 
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and then gradually decreases This is due to the formation of lithium perchlorate 
hy a side reaction : 4 LiC 103 =LiC 1 + 3 LiC 10 4 accompanying the direct decomposi- 
tion, 2LiC103=2LiCl-j-30 2 . A Potilitzm also says the perchlorate decomposes 
2LiC10 4 =LiC10 a +LiCl+02* T. Carnelley gives the mp of sodium chlorate as 
202°; J. W Retgers gives 248° , A Smith, 261° , andH W Foote and L H Levy, 
255° According to L. Poincare, fusion commences at 265° without decomposition, 
but the latter immediately begins if a bubble of gas passes through the fused mass 
The decomposition process resembles that of potassium chlorate, but the perchlorate 
stage is more sharply distinguished, for T Schlosing showed that the evolution of 
oxygen completely stops when the fused chlorate has acquired the viscid stage Potas- 
sium chlorate, says J S Stas, 14 can be melted m oxygen gas without loss of oxygen, 
and without decrepitation , but E H Cook says that about 0 03 per cent of oxygen 
is lost during the melting of this salt. T Carnelley gives the m p, of potassium 
chlorate as 372° ±2° , and H le Chatelier gives 370° T Carnelley gives the f p. 
as 351°. According to J J Pohl, the salt begins to decompose at 352°, and the 
decomposition is quite rapid 

Unlike soln of the chlorides, L. Kahlenberg 15 found that the rise of the boiling 
point of soln containing w grains of potassium chlorate in 100 grms of water 
decreased with increasing concentration, bemg 0 05° for io = 8 121 ; 1 31° for w 
=17116, 2 49° for w=35 42 , and 3 43° for w=48 92. AccordmgtoP Kremers, 16 
the sat. soln of sodium chlorate salt boils at 132°, and by supersaturation, soln 
boiling at 135° can be obtained A sat soln of potassium chlorate boils at 105° , 
and G T Gerlach found that the b p. of a soln. of potassium chlorate with p grms. 
of the chlorate per 100 grms of water, to he 

Boiling point. . 100° 101° 102° 103° 104° 10±*4° 

Concentration p . 0 13 2 27 8 44 6 62 2 69 2 

Solutions with two boiling points. — It has been shown by J H van’t Hoff 17 
that the maximum vap press , p, of a sat soln , at the absolute temp T 3 can be 
represented by the relation tf(log P)/dT=Q/2T 2 , where Q 
represents the heat of condensation of a kilogram-molecule 
of the vapour — % e 18 kilograms of water — to form a sat 
soln The heat of condensation Q is the sum of (i) the heat, 
q 3 absorbed when the necessary amount of the sat soln is 
separated mto 18 kilograms of water and salt and (n) the 
latent heat of evaporation L of the water The former 
quantity is usually negative, and accordingly Q—L—q , As 
a rule, the value of L is large in comparison with q> and 
the sum is therefore always positive, and the vap press 
of the soln increases with temp. With some of the very soluble salts — e t g 
the nitrates of sodium, potassium, silver, thallium, hydrated calcium chloride, 
etc — q increases until it is equal to and finally exceeds the value of L. In that 
case, the vap press, curve will at first rise rapidly with the temp , then more slowly, 
and finally will fall with a further rise of temp. This may be established another 
way. In a closed tube, the vap. press of a sat soln , with a nse of temp , increases 
to a maximum and then falls This follows from the fact that with a rise of temp., 
the vap press, tends to increase, but the solubility of the salt also increases, 
and this tends to depress the vap press With the less cone, soln , the latter 
effect predominates and the pT- curve rises, AB, Fig, 15, until the sat soln. contains 
so small a proportion of water that the two opposing tendencies become equal to 
one another, and afterwards the former effect predominates, and the pT-curve 
falls, as illustrated diagrammatically, BC, Fig 15 If a horizontal Ime MN he 
drawn at one atm. press , M and N represent the b p of sat soln one at a much 
higher temp and salt concentration than the other The one OQ is realized by 
gradually raising the temp, of a sat soln , and the other OR is realized by cooling 
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the soln The spitting of silver is an illustration of the second bp H. B Rooze- 
boom and A Smits have shown that for normal atm presB., with eat soln of 


First b p 
Second b p 
Mp 




KNO s 

NaN0 3 

NaCIO. 

AglT0 3 

TLNO 

m 

• 

. 116° 

120° 

126° 

133° 

105° 

m 

• 

. 331° 

310° 

265° 

791° 

100° 

# 

1 

. 334° 

313° 

261° 

203° 

205° 


The solubility of lithium chlorate in water is perhaps greater than any other 
known inorganic salt ; according to F Mylms and R. Funk, 18 100 gnns. of water at 
18° dissolve 313*5 grms. of lithium nhloTate — the molecular proportions are LiC10 s 
+1 6H2O — and this soln contains 75 8 per cent of the salt, and has a sp gr of 
1*8L5. The hemihydrate, L1CIO3 £H 2 0, was obtained by A Potilitzm by evaporation 
of the aq soln. over sulphuric acid , the evidence, however, in favour of the existence 
of the hydrate is not accepted by all. According to P. Kremers, the solubility of 
sodium chlorate referred to the stable cubic form, and expressed as (a) parts of 
salt per 100 parts of water , and (6) per cent, of salt is 


0° 12° 20° 40° 60° 80° 100° 120° 

a . . . 81*9 89*3 99 0 123 5 14=7 l 175 6 232 6 333 3 

b . . . 45 9 47 2 49*7 56 3 69 5 63 7 69 9 76 9 


The solubility of potassium chlorate in water has been determined by 
G. J. Mulder, J. L Gay Lussac, C A. Gerardm, L. Tschiigaeff and W Chlopm, 
and B Pawlewsky. 19 The latter found (a) the percentage amount of potassium 
chlorate in the sat. soln , and (6) the amount of the salt dissolved by 100 parts of 
water * 

0° 10° 20° 80° 40° 50° 60° 80° 100° 

a . 3 06 4 27 6 76 8 46 11*75 15 18 18 97 26 97 35 83 

b . 3 14 4*46 7 22 9 26 13*31 17 95 23 42 36 33 55 54 


Above 50°, the solubility thus increases rapidly with the rise of temp. The 
solubility at 120° is 35 83 per cent. ; at 120°, 42 4 ; at 190°, 69*7 ; and at 330°, 
96*7 per cent. A iStaTd represents the solubility of potassium chlorate S, at a 
temp 0 between 0° and 42° by #=2 6+0 20009 , between 42° and 171° by $=11*0 
+0 37060 ; and between 171° and 359°, by S=59 0+0 21860 ; and 0 Blarez 
finds that the amount of potassium chlorate in 100 grms of water between 0° and 
30° is given by £= 3 2+0 1090+0 OO430 2 ; and N G. Nordenslqold gives between 0° 
and 105° log S=0 5224+0 0178340—0 OOOO55550 2 . W. Reissig found the solubility 
of xubidnun chlorate in 100 parts of water to be 2 8 at 4 7° , 3 9 at 13° , 4*9 at 
18 2° ; and 5*1 at 19°. F. Calzolan found the solubilities of caesium chlorate and 
perchlorate at 20° to be somewhat less than the corresponding potassium salts, but 
more than those of rubidium. The order of solubilities varies with temp. He does 
not consider these observations agree with the predictions based on the theory of 
electro-affinity. His values for the three chlorates expressed in grams of salt per 


100 grms 

of water are ; 

0° 

8° 

19*8° 

80° 

42*2° 

49 08° 

74 0° 

99° 

KCIO a . 

. 3*30 

4*48 

7 15 

10 27 

— 

18 96 

35 40 

57*3 

RbClO* . 

. 2 138 

3 07 

6 30 

8*00 

12 48 

15 98 (50°) 

34 12 (76°) 

62*8 

Cs01O a . 

2 46 

3 50 

6“28 

9 53 

14 94 

19 40 (60°) 

41 05 (77°) 

76 5 


The solubility of potassium chlorate in depressed by the addition of other 
potassium salts, or by the addition of other chlorates ; F Wmteler, and T Schlosing 
have measured the solubility of potassium chlorate m potassium chloride soln and of 
sodium chlorate in soln. of sodium chloride In accord with the general rule, the 
solubility is diminished by the addition of a salt with a co mm on ion S. Arrhenius 
measured the solubility of potassium chlorate in aq soln of potassium nitrate ; 
and 0. Blarez m aq soln of potassium bromide , chloride , iodide , mtrate , sulphate , 
oxalate , and hydroxide; H. T, Calvert, and J. N. Bronsted in an aq soln. of the 
last-named compound. H. T. Calvert also measured the solubility of potassium 
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chlorate in hydrogen peroxide Potassium chlorate dissolves in soln. of ammonium 
nitrate or acetic acid more copiously than in water ; and less copiously m soln. of diL 
hydrochloric acid, nitrio acid, ammonium acetate, and aq ammonia The passing 
of ammonia into an aq soln of potassium chlorate precipitates the salt 
According to D P Konowaloff, a 5 2 per cent soln of ammonia dissolved 52' 5 
gnns of potassium chlorate. T W. B. Welsh and H. J Broderson found that 
100 c.c of anhydrous hydrazine dissolve 66 grins of sodium chlorate at ordinary 
temp 

Lithium chlorate is very soluble in alcohol ; the chlorates of the other alkalies 
having a low solubility in this menstruum Potassium chlorate is precipitated from 
its aq soln by the addition of alcohol or acetone The solubility of potassium 
chlorate 20 m absolute alcohol, acetone , ether, and chloroform is virtually ml, and in 
aq alcohol or acetone, at a constant temp , the solubility increases as the 
proportion of water increases For example, at 30° the number of grams of 
potassium chlorate which are dissolved m 100 grins [a) of soln , (fc) of water 
when the solvent contains p per cent of alcohol 

p . .0 5 10 20 30 50 70 90 

/Soln 9 23 7 72 0 44 4 51 3 21 1 04 0 54 0 00 

Water . 10 17 8 80 7 65 5 90 4 74 3 33 1 82 0*62 

A Wachter and G 0 Wittstein have shown that the solubility of sodium chlorate 
is also much smaller in alcohol than m water 100 grms of alcohol dissolve one 
gram of sodium chlorate at 26°, and 2 5 grms at the b.p ; 100 grms of a 77 per 
cent soln of alcohol at 16°, dissolve 2 94 grms. of sodium chlorate Similarly aq. 
acetone , at 30°, dissolves the following amounts of potassium chlorate : 

p . 0 5 10 20 30 50 70 90 

t zn]n /Soln 9 23 8 32 7 63 6 09 4 93 2-90 1 24 0 18 

Water 10 17 9 55 9 09 8 10 7*40 5*98 4 18 1 82 


A M Ossendowsky found that at 15 5°, 100 grms of glycerol dissolve 3’5 grms. 
of potassium chlorate, ot 20 grms of sodium chlorate According to W O. de 
Coninck, 100 grms of a sat soln in glycol contain 0 9 grm. of potassium 
chlorate Liquid hydrogen chloride becomes yellow m contact with potassium 
chlorate without dissolving any appreciable quantity. Sodium chlorate and 
bromate dissolve easily m liquid ammonia 21 F Ephraim found that the lithium 
tetrammino-chlorate forms a fairly mobile liquid J N Bronsted obtained 2020 
cals for the affinity of the reaction KCl+NaC10 8 ->KC10 8 +NaCl at 16 39°. 

G T Gerlaeh has calculated the specific gravities of soln of sodium chlorate at 
19 5°, from P Bremers’ data, 22 and found 


Percent NaCIO, 10 16 20 25 

Sp gr 1-070 1 108 1 147 1-190 

The corresponding sp.gr of soln. of potassium chlorate are 

Per cent KC10 a . . 1 2 4 6 

Sp gr . . . . 1 007 1 014 1 026 1 039 


30 36 

1-235 1 282 


8 10 
1 052 1*060 


B Carlson also measured the sp gr. ofaq soln of the alkali chlorates, W Schmidt 23 
measured the compressibility of aq soln, of potassium chlorate at 17°, and found 
that soln. of sp, gr. 1 009, 0 193, 1*024 respectively had the compressibility 
coefE , j8, 0 0000454, 0'0000429, and 0*0000409 The freezing point is lowered 
0*215° by the addition of a gram of potassium chlorate to 100 grms. of water. 
H. Jahn 24 represented the f p of soln. containing n mol. of potassium 
per 1000 grms of water by 3*5690w — 2 3067w 2 , and for sodium chlorate, 
3*5812w — 1 3040n 2 . The vapour pressure of a soln of a gram of potassium 
chlorate in 100 grms, of water is lowered 0 240 X 7 6 G Tammann found the vap 
press, of a soln of 3 92 grms of potassium m 100 grms. of water lowered the 
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vap. press of water 7 0 mm , and 50 60 grms , 82 4 mm , with sodium chlorate, 
9*02 grms lowered the vap. press 19 7 mm , and 160 16 grms lowered it 290 mm. 
R Abegg and H Riesenfeld found the partial press of normal soln. of potassium 
chlorate to be 14 51 mm. 

E Doumer 26 gives the index of refraction of dll soln of potassium chlorate 
p,=0 155 , and Mp=19 0 for sodium chlorate M. le Blanc and P. Rohland give the 
index of refraction 1 5145 and sp. gr 2 496, making the molecular refraction 21 96 
by Gladstone and Dale’s formula, and 12 86 by Lorentz and Lorenz’s formula. 
H A. Miers and F Isaac measured the indices of refraction of crystallizing soln 
of sodium chlorate. A 55 77 per cent soln at 53 5° had an index of refraction 
1*39125 , and a 51 035 per cent soln at 43 5°, an index of refraction of 1 387083 
When crystals of potassium chlorate are rubbed in darkness they show a transient 
luminescence — tnboluniinescence. Acoordmg to G. Foussereau, 26 the electrical 
conductivity of crystals of potassium chlorate per cm cube is 0 268xl0 -12 
reciprocal ohms at 145°, 0*125 Xl0~ 4 at 352° , and for the molten solid at 359° 

0 238 reciprocal ohms. The eq conductivities of soln of the chlorates 27 at a 
dilution one mol of the salt per v litres, at 25°, are as follows : 

v . • . . 2 8 32 128 512 1024 2048 

ALiClOj, . . . — — 91 5 96 8 100 4 101 5 — 

ANaClOs . . . 74 7 86 7 95 0 101*1 104 6 104 1 104 1 

AKClOg . . . — 104 7 115 2 122 8 126 1 127 8 128 4 

The temperature coefficients of the conductivities of the sodium and potassium 
salts were given by H C Jones ; so also the ionization constants, a. The latter, 
at 25°, were 

aNaClOa . . . 71 4 82*9 90 8 96 6 100 0 — 

aKClOs ... — 79*7 87 5 95 2 95 9 97 2 97 7 

W Hittorf’s transport number for the anion Cl(y in a 0 3N-soln is 0*445 , and 0*462 
in a 0 07 Y-soln 

The alkali bromates. — According to C. E Rammelsberg, 28 lithium bromate, 
LiBrO a , is obtained in needle-like crystals by evaporating an aq. soln. in vacuo 
over sulphuric acid. A Potilitzm says the crystals are rhombic pyramids with 
a molecule of water of crystallization, F. Mylius and R. Funk say the salt is probably 
anhydrous Crystals of sodium bromate, NaBrO s , were prepared by C Lowig 
and by E Mitscherlich, who noted their resemblance to sodium chlorate. The 
crystals of sodium bromate are lsomorphoiis with those of the chlorate, and the two 
salts form mixed crystals. In 1855, H Marbach 29 found enantiomorphic crystals 
which exhibited circular polarization, the bromate like the chlorate is optically 
active, and H. Traube found that a crystal of sodium bi ornate, a millimetre thick, 
rotated the plane of polarized D-light, 2° 10', J. W Retgers, and R. Brauns found 
the crystals of sodium bromate to be trimorphous — (i) cubic tetartohedral crystals , 
(u) rhombohedral , and (m) rhombic A J Balard obtained needle-like crystals by 
the cooling of hot soln , and 0 Lowig, by the very slow coolmg of hot soln 
obtained 4- or 6-sided plates, or pseudo-cubic crystals H and W. Blitz prepare 
potassium bromate as follows : 

Run 80 gnus of biomins slowly, drop by drop, into a soln of 62 grms of potassium 
hydroxide in an equal weight of water The soln acquires a yellow colour, and a crystalline 
powder of potassium bromate is deposited when the soln cools The crystals are collected 
on a Buchner’s fun n el, and purified by reerystallization from 130 c o of boiling water 
Potassium bromide is recovered from the mother liquor and washings by evaporation to 
dryness, admixture with charcoal, calcination, etc 

The crystals of potassium bromate were at first thought to be cubic, but C. F. Ram- 
nelsberg 30 showed that they are pseudo-oubio and belong to the trigonal system, 
wheie a : c=l : 1 3572, and a=85° 57'. They axe isodimorphous with potassium 
chlorate in that the two salts form trigonal mixed crystals if the bromate is in 
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excess and monochmc crystals if the chlorate is in excess There is an intervening 
lacuna. H Marbach found the crystals to show negative double refraction 

The crystals of sodium bromate prepared by P Kremers had a specific gravity 
3 339 with respect to water at 17 5° , and by M !e Blanc and P Rohland, 3 254. 
Similarly P. Kremers 81 found the crystals of potassium bromate had a sp, gr 3 271 
at 17 5° , and H Topsoe, 3*218 The heat of formation of potassium bromate 
from its elements is 84*1 Cals (J Thomsen) and 84 3 Cals (M. Berthelot) ; the 
heat of solution of potassium bromate in 200 mol. of wateT is — 9 76 Cals 
(J Thomsen), in 400 mol of water — 9 76 (M Berthelot), and in 460 mol of water 
at 11°, —9 85 Cals. E P. von Stackelberg gives for the heat of soln Q of n mol. 
of potassium bromate in 100 of water : Q=10200 — 1400w cals. The heat of 
neutralization: HBrO s +NaOH+aq =13 78 Cals 32 The heat of decomposition: 
KBr0 3 ->KBr+30+ll*l Cals. The crystals of sodium bromate, according to 
T. Carnelley and W 0 Williams, 33 have a mp 381° ±6° Potassium bromate 
dGes not alter when heated up to 180° , it then decrepitates and melts at 370°, giving 
off, according to E H. Cook, a little bromine, — 0 08 per cent. The alkali bromates 
decompose when heated mto the alkali bromide and oxygen ; there is no evidence 
of the formation of any perbromate A Potihtzin found potassium bromate 
lost 0 45 per cent, when heated 2-3 hrs at 300° ; 4 per cent, in 30 minutes at the 
mp 370° When heated very slowly no bromine was obtained although three- 
fourths of the available oxygen had been expelled 

According to P Kremers, a sat soln of sodium bromate has a boiling point 109° ; 
potassium bromate, 104°, and if supersaturated, 106°. H. Jahn 84 represents the 
lowering of the freezing point of 0 1 to 0 3#-soln. of sodium bromate by 3 5669# — 
1 4806# 2 , and for 0 12 to 0’026#-soln of potassium bromate by 3 5635# — 2 0446# 2 . 
For the more dil. soln. the degree of ionization calculated from the depression of 
the f p agrees with the law of mass action Gf- Tammann found the lowering of 
the vapour pressure of water from its value at 100° by the soln of 9*57 gnns of 
sodium bromate in 100 grms of water to be 15 5 mm , 84 23 gnns , 150 2 nun. ; 
and with 6 59 grms of potassium bromate, 8 4 mm., and 38 91 grms., 51 9 mm. 
R Abegg and H. Riesenfeld found the partial press, of #-soln. of ammonia with 
£#-soln of potassium bromate is 14 31 mm at 25°. F Mylius and R Funk 85 say 
that 100 grms of water at 18° dissolve 153 7 grms of the lithium bromate, and the 
soln contains 60 4 per cent LiBr0 3 of sp gr 1*833. According to P. Kremers,. 
3 00 grms of water dissolve : 

0 ° 20 ° 40 ° 60 ° 80 ° 100 ° 

Gnns. NaBr0 8 . 27 54 34 48 50 25 62 5 75 75 90 9 

Grins KBr0 8 . 3*11 6 92 13 24 22 76 33 90 49 75 

The soln are readily under-cooled According to C. Lowig, aq soln. of the sodium 
bromate below 4° deposit crystals of the hydrated salt The solubility data for 
potassium bromate are due to J J Pohl 86 The solubilities of potassium bromate 
in soln of sodium nitrate and of sodium chloride were determined by G, Geffcken. 
Y. Rothmund measured the solubility of potassium bromate in grams per litre, 
at 25°, in half normal aq. soln. of methyl alcohol , 74 16 ; ethyl alcohol, 70 33 ; propyl 
alcohol , 70 33 ; tertiary amyl alcohol , 63 97 ; acetone , 70 99 ; ethyl ether, 65*98 ; 
formaldehyde, 66*31 ; glycol, 75 34 ; mannitol, 75*34 ; grape sugar , 71 99 ; urea, 
79 68 , dimethylpyrone, 79 84 ; ammonia, 74*33 , dimethylamine, 64*13 ; pyndine , 
69 31 ; piperidine, 66 15 ; urethane , 72*33 ; formamide, 79*02 ; acetamide, 74 33 ; 
glycocol , 83 68 ; acetic acid , 76 17 ; phenol, 71 15 , methylal, 67 66 , and methyl 
acetate, 70 151 

J. O. G d© Mangnao reported the formation of a double compound of sodium bromide 
and bromate by saturating a soln. of sodium hydroxide with bromine, and driving o£E the 
excess by heat The mother liquid deposits long needle -like monoolimo crystals Accord- 
ing to J C G. de Mangnao, the orystals have the composition ISTaBr 2NaBrO a 2H a O ; and 
according to C Fntzsche, 2NaBr BNaBrOg 3HjO Water or alcohol extracts sodium 
bromate from the orystals. 
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The specific gravity of solutions of potassium bromate, calculated by 
G T Gerlach 38 from P Kramers’ data at 19 5°, 

Per cent KBrO s .12 3 456789 10 

Sp gr . . 1*009 1 016 1 024 1 031 1 039 1 046 1 054 1 062 1 070 1 079 

For sodium bromate the numbers are : 

Percent NaBr0 3 . 5 10 15 20 25 30 

Sp gr . . . 1 041 1 083 1 129 1 178 1 231 1 289 

The index of refraction of dil soln of sodium bromate 39 is /x=0 131 , Mju— 20*7. 
Sodium bromate crystals have the index of refraction 1*5943, sp. gr. 3 254, the 
molecular refraction by Gladstone and Dale’s formula is therefore 27 58 , and by 
Lorentz and Lorenz’s formula 15 75 The eq. conductivity of soln of potassium 
bromate at 25° change from 114 4, with a mol per 32 litres, to 126 3, with a mol. 
per 1024 litres 40 

The alkali iodates. — A A. Hayes 41 reported the occurrence of native sodium 
lodate accompanying the calcium borate near Iquique Anhydrous lithium iodate, 
LiI 0 3 , was prepared by 0. F Rammelsberg m 1838, and in 1897 by F. Mylius and 
R Funk, by neutralizing lithium carbonate or hydroxide with iodic acid. The 
corresponding sodium iodate, NaIO s , was prepared by J. von Liebig 42 by saturating 
water containing finely divided lodme in suspension by means of chlorine gas, 
neutralizing the liquid with sodium carbonate ; and after agam passing chlorine 
gas until the iodine is all dissolved, again neutralizing with sodium carbonate 
The soln was evaporated to about one-tenth its volume, mixed with half its volume 
of alcohol, and the sodium chloride washed from the precipitate by means of alcohol 
The sodium carbonate was removed by treatment with acetic acid, and the sodium 
acetate washed out with alcohol. Similar remarks apply for potassium iodate, 
KIO s According to G. Magnus and F. Ammermiiller, if an excess of sodium 
carbonate be employed, sodium periodate is formed; the sodium iodate, said 
A Duflos, can be separated from the chloride by crystallization, without the alcohol 
treatment G S Sdrullas employed a somewhat analogous process with an aq 
soln of iodine chloride in place of chlorine and iodine A Longi and L. Bonavia 
oxidized sodium iodide soln. with hydrogen peroxide , and E. Pochard reduced 
sodium periodate soln. with sodium iodide Similarly potassium iodate, KI0 8 , 
was made by J L Gay Lussac 48 by the action of lodme on hot potash lye, and after 
concentrating the soln., precipitating the iodate by the addition of alcohol. 
N A E Millon made it by neutralizing potassium hydroxide or carbonate with 
iodic acid , W. Stevenson by treating a soln of barium iodate with potassium 
Bulphate ; 0. Henry 3 and also J. S Stas, by melting together an intimate mixture 
of potassium iodide and chlorate up to the temp, at which the chlorate begins to 
decompose The iodate and chloride are readily separated by fractional crystalliza- 
tion ; J S Stas also made it by heating iodine with potassium chlorate. The 
oxidation of iodine by potassium chlorate can be conducted somewhat as follows : 

Dissolve 30 gxms of potassium chlorate in 60 c o. of warm water contained m a 250 o c 
flask Add 35 grins of iodine, and then 2 o o of cone mtno acid A vigorous reaction 
sets m ; chlorine gas along with a little vapour of iodine escapes When the reaction 
subsides, boil the liquid to drive off the dissolved chlorine, and then add another gram of 
iodine Concentrate the soln by evaporation, and collect the crystals of potassi um iodate 
on a Buchner’s funnel. The crude product is punfled by dissolving it in about 150 c c 
of hot water, neutralize the soln with potassium hydroxide, and on pooling crystals of the 
desired salt are obtained 

L. Henry passed chlorine into water containing finely divided iodine in suspension 
until all was dissolved , he then added a mol of potassium chlorate per gram- 
atom of iodine in soln. Potassium iodate was formed when the liquid warmed, 
and chlorine was copiously evolved : KC10 8 +ICl=KI08+Cl2. L P. de St Giles 
used a soln. of potassium permanganate to oxidize potassium iodide : 2KMn0 4 
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+KI+H 2 0=2Mn0 2 +2K0H+EIO 8 ; or iodine 10EHn0 4 +3I 2 +2H 2 0=10Mn0 2 
+4KOH+6KIO S . The equation . KI+2KMn0 4 =KI0 3 +K 2 Mn 2 0 6 , is sometimes 
used to represent the oxidation. The process is illustrated by H Erdmann’s 
method of preparation : 

A soln. of 20 gnus of potassium iodide, in a small proportion of water, is poured 
into a hot soln of 40 grms. of potassium permanganate in a litre of water The mixture 
is heated on a water bath for about half-an-hour, and alcohol is added, drop by drop, to 
the pink soln until the permanganate is decolorized Filter the mixture, and wash the 
precipitate which is probably potassium mangamte Just acidify the alkaline filtrate with 
acetic acid, and evaporate th§ liquid down to about 50 o c The mother liquor is poured 
from the granular crystals of potassium lodate which separate as the soln cools, the crystals 
are washed repeatedly with absolute alcohol, and dried About 25 grms of potassium 
10 date are so obtained. 

E Miiller made potassium iodate by electrolyzing the iodide. H. L. Wheeler 44 
made rubidium iodate, RblOs, by the action of a mol of iodine pentoxide 
on one of rubidium carbonate ; by treating a hot dll soln of lodme trichloride 
with rubidium hydroxide or carbonate , by the action of iodic acid on a hot 
cone Boln of rubidium chloride, RbCl ff. V Barker obtained a good yield 
by passing chlorine into a hot cone, soln of a mixture of rubidium iodide and 
hydroxide whereby the sparingly soluble iodate is precipitated Csesium iodate, 
CsIOg, was made m a similar way. 

A Ditte 46 prepared crystals of sodium iodate by dissolving the salt in warm 
sulphuric acid dil with half its volume of water ; and evaporating over cone, 
sulphuric acid. Colourless strongly double refracting, rhombic crystals are formed : 
a:b . c= 0 9046 : 1 : 1 2815. The crystals of sodium iodate, says A. S Eakle, 
form isomorphous mixtures with ammonium iodate. According to T. V. Barker, 
the crystals of the lodates of potassium, rubidium, and csesium form an isomorphous 
group crystallizing in what appear to be cubes, but which are really made up of 
four monoclinic sub-individuals, mterpenetratingly twinned. The axial ratios for 
potassium iodate are a * b . c=l*0089 * 1 : 1*4394 ; 0=90° 15' The crystals of the 
iodate are not isomorphous with the chlorate and bromate, and according to A. Ries, 
the iodate and chlorate do not form mixed crystals. 

The specific gravity of the crystals of sodium iodate is 4 277 (P Kremers), 46 
potassium iodate, 3 979 at 17 5° (P Kremers), 2*601 (A Ditte). The sp. gr of 
rubidium iodate is 4 559 at 14° (water at 4° unity), and similarly for caesium iodate, 
4*831 at 16° (water at 4° unity) — the corresponding mol vol are respectively 
57*14 and 63 68. The heat of formation of potassium iodate from its elements is 
124 49 Cals (J Thomsen) and 123 9 (M. Berthelot) , if the iodine is gaseous, 129 36 
Cals. (M. Berthelot). 47 The heat of neutralization : KOHaq.-f HIO sa q =13 81 
Cals ; the heat of solution of an eq. of potassium iodate in a litre of water at 13° 
is 14 3 Cals. ; in 4 litres of water, 14*25 Cals The heat of soln of potassium iodate 
is —6 78 Cals , for a grm of potassium iodate m 40 grms of water at 12°, —6 05 
Cals ; the heat of dal of a boLq of an eq of potassium iodate in 2 litres of water, 
with two more litres of water at 13° is —0 36 Cal. E. F von Stackelberg gives 
for the heat of soln , Q, of n mol of potassium iodate in 100 mol. of water : Q=7000 — 
1900w Cals. The heat of decomposition, KI0 8 ==KI+30— 44 1 (M. Berthelot), 
—44*36 (J Thomsen) When sodium iodate is heated oxygen is given off, and an 
iodide with an alkaline reaction is formed, showing that some lodme is lost as well 
as oxygen ; 48 and J. L. Gay Lussac found a complex residue remained owing to the 
loss of iodine when sodium iodate is kept in a state of fusion for some time. 

The melting point of potassium iodate 49 is 560° ±1°. As J. L. Gay Lussac 
showed in 1814, the iodate decomposes into oxygen and potassium iodide at a 
higher temp than the chlorate According to E H. Cook, some lodme is lost at the 
same time According to G. F Rammelsberg, no periodate is formed. The 
reaction is catalyzed by pyrolusite as m the analogous chlorate reaction The 
boiling point of a sat soln of sodium iodate is 102° (P Kremers), 60 105° (A. Ditte), 
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and of potassium iodate, 102°. H Jahn found tlie lowering of the freezing point 
for 0*12 to 0 026iV-soln of potassium lodate is 3 5614#— 2 7357ZV’ 2 , and in dil 
soln. the degree of ionization calculated from the depression of the f p. is m accord 
with the mass law R Abegg and H. Riesenfeld say that the partial press of a 
normal soln of arrmonm with ^Af-potassium lodate is 14 14 mm. at 25°. Lithium 
iodate, said C. F. Rammelsberg, is soluble m about twice its weight of cold wafer, 
and m very little more hot water ; and according to F. Mylius and R Funk, 100 
gnus of water at 18°, dissolve 80 3 grms of the salt, and the soln then contains 
44*6 per cent, of LiI0 8 , and its sp, gr is 1*568 According to P. Kremers, 61 the 
solubility of sodium iodate m 100 grms. oi water is 

0 ° 20 ° 40 ° 00 ° 80 ° 100 ° 

NaIO a . • * 2 5 9 0 16 0 21*0 27*0 34 0 grma. 

KIO s . . . 4 73 8*13 12*8 18 5 24 8 32 2 „ 

Sodium iodate dissolves copiously in warm dil sulphuric acid without decomposi- 
tion , but it is decomposed by hydrochloric acid. The presence of potassium iodide 
causes potassium iodate to dissolve more readily than in pure water , and although 
A. Ditte says that a double salt is not obtained from the Boln , yet the phenomenon 
is probably due to the formation of a complex salt m soln J. N Bronsted 
measured the solubility of potassium iodate in aq soln of potassium hydroxide. 
Potassium iodate does not dissolve m alcohol. According to H L. Wheeler, 100 
grms. of water at 23° dissolve 2 1 grms of rubidium iodate, and 2 6 grms of 
caesium iodate at 24° The specific gravity of a sat aq soln of lithium iodate 62 
at 18° is 1 568; thesp. gr of soln. of potassium iodate calculated by G T. Qerlach 
from P Kremerfl* data, are : 

Percent KIO, .123456789 10 

Sp. rt. . . 1 010 1*019 1 027 1 035 1 044 1*052 1 061 1*071 1*080 1090 

The index of refraction 68 of dil soln. of potassium iodate is /x= 0 106, and the 
molecular refraction Mp,=2 2 8 The eq conductivities 64 of the lodates are : 


V 

• 

. 32 

64 

128 

256 

512 

1024 

LiIO s . 

• 

. 91 5 

94 2 

96 8 

99 4 

100 4 

101*5 

NaIO fl . 

» 

. 79 3 

82 4 

85 0 

87 1 

88*8 

90*2 

KIO* . 

• 

. 100*8 

104 4 

107 4 

109 7 

111-5 

112 7 


The degree of ionization of soln. with 0*0001 mol of potassium iodate per Jitre is 
99 1 per cent ; 0 001 mol per litre, 97*5 ; 0 01 mol. per litre, 92 6 , 0 1 mol. per 
litre, 80*9 , and 0 2 mol per litre, 75*5 per cent G. N Lewis and G* A Lmhart 
have compared the degrees of ionization of sodium and potassium iodates calculated 
from the ratios A/A^ measured by A A. Noyes and G K. Falk with, those computed 
thermodynamically, and found the latter about 5 per cent, less than the former. 
Hydrated alkali iodates. — According to A Ditte, 65 Recherches sur Vacide iodique 
(Paris, (1870), a neutral soln of iodic acid in lithium hydroxide furnishes needle- 
like crystals when slowly evaporated at 60°. The crystals are regarded as mono- 
hydrated lithium iodate, LiIOs H 2 O ; and are said to lose their water of crystalliza- 
tion at 180° The crystals deliquesce m air , they are very soluble m water ; and 
when treated with dil. sulphuric acid, give crystals of hydrated iodic acid Sodium 
iodate crystals have been reported with 1, 1-J, 2, 3, 5, 6, and 8 molecules of water 
of crystallization. The limits of temp and the conditions of equilibrium of these 
different hydrates have not been investigated by modern methods. According to 
A Ditte, the monohydrated sodium iodate, NaI0 8 H 2 0, separates between 50° and 
105° from a soln. of sodium iodate, sat. at its bp., or by mixing the soln. 
with alcohol. The best crystals are formed in a slightly alkaline soln The 
water is lost over cono sulphuric acid. The sesquihydrated sodium iodate, 
NaI0 8 1 JHgO, is said by A. Ditte to separate m fine needles from a hot sat. soln 
between 28° and 40° : or by drying the pentahydrate at 30° PA Meerburg 
obtained confirmatory evidence of the existence of this hydrate at 30° — Fig 20. 
If a fltjrongly alkaline soln. of sodium iodate be evaporated between 24° and 28°, 
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dilivdrated sodium lodate, NaIO s 2H 2 0, is formed m long prismatic crystals. 
Other hydrates are transformed into these same crystals if heated with the soln. 
for a day between 21° and 28°. E Penny and N. A. E Millon claimed to have 
obtained octahedral crystals of tnhydrated sodium lodate, NaIO s 3H 2 0, by cooling 
a dil soln of sodium lodate at 20°. The crystals effloresce m air A. Ditte 66 also 
prepared fine needle-like rhombic crystals of pentahydrated sodium lodate, 
NaI0 s .5H 2 0, by rapidly coolmg cone soln. between — 2° and —22°, or by slowly 
evaporating soln of sodium lodate at about — 2°. The crystals effloresce in dry 
air, forming crystals of the sesquihydrate N A. E Millon claimed to have produced 
a hexahydrated sodium iodate, NalOg 6H 2 0, by keeping the octahydrate under a 
bell jar at 0° until the weight was constant, and octahydrated sodium lodate, 
NaIO s 8H 2 0, by allowing the lodate to crystallize at 10°, and keeping the product 
m salt water at 0° The crystals of the octahydrate lose their water very rapidly. 
A Ditte reported the formation of rhombic crystals of the hemihydrated potassium 
lodate, KI0 3 JH 2 0, by the slow evaporation of a dil sulphuric acid soln of potas- 
sium lodate These crystals melt when heated, and lose their water of crystalliza- 
tion at 190° P A Meerburg could not find tins hydrate in his study of the ternary 
system, KI0 S — HI0 3 — H 2 0, at 30° 

Acid alkali lodates. — The ternary system, KIO s — H30 3 — H 2 0, can give the 
monoiodate, KI0 8 , the di-iodate, KI0 3 HIO s ; and the tri-iodate, KE0 8 .2HI0 3 
The anhydrous salt can unite with iodic acid, forming readily crystallizable salts, 
and the anhydrous salts, KIO s HI0 3 and KIO s 2HIOg, have been described by 
Gr. S. Serul] as and N A E Millon The tri-iodate was considered by 0 E Eammels- 
berg and E. Penny to contain some water of crystallization, but this view is WTong, 



Figs. 16 to 18 — Trimorphism of Potassium Di-iodate, KlO a HIO a . 


for P. A Meerburg found none The crystalline constants of these salts have been 
described by J C G de Marignac, C E Eammelsberg, and J Schabus 

G S S6rullas made potassium di-iodate by adding alcohol to a soln of the 
normal lodate in dil hydrochloric acid , and also by crystallization from a soln. 
of the double salt of potassium chloride and lodate m much water at 25° ; 
N A E Millon and A Ditte, by treating iodic acid with half the amount of potas- 
sium hydroxide required for complete neutralization ; A. Ditte, by slowly cooling 
a soln of the normal iodate m dil. nitric acid ; and N A E Millon, and H Basset, 
by the action of iodine on a neutral soln of potassium chlorate , 2KC10 3 +I 2 
+H 2 0— EP[(I0a) 2 +KCl+H001 ; on an acidulated soln of potassium chlorate * 
5KC10 8 +2l2+3H 2 0=2KCl+3Hd+3KH(I03) 2 ; on evaporation there is a 
further reaction . KI0 3 HI0 3 +12Ha=KCl+ICl+ICl HC1+4C1 2 +6H 2 0. 

H. Klinger made the di-iodate by mixing 20 grms of potassium chlorate, 21 grms of 
iodine, and 100 c e, of water m a half -litre tubulated retort with a thermometer fitted in 
the tubulure, and the neck directed upwards The mixture is heated by a small flame. 
The liquid becomes yellow, and violet vapours condense m the neck of the retort The 
materials begin to react at about 86°, and the reaction is complete at about 95° Only a 
little chloraie is evolved when the liquid is heated up to its b p When, the colourless 
hquidis cooled, crystals of the di-iodate separate, and these can be purifledby recrystalhza- 
txon from hot water The yield is over 70 per cent Some barium di-iodate can he recovered 
by adding banum chloride to the mother-liquid 

J C G. de Marignac showed that the crystals are trimorphous, for they exist in three 
different forms : (i) Thick plates belonging to the rhombic system — Eig 16 , 
(n) twinned pyramids belong to the mono clinic system — Eig. 17 ; and (m) thick 
plates also belonging to the monoolmic system — Fig 18. Aq. soln redden litmus. 
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and have an acid taste The crystals lose 2 3 per cent, of water at 150°, and at a 
higher temp, decompose mto potassium iodide and oxygen , 100 grins, of water at 
15°, dissolve 1 33 grins of the salt ; and at 17°, 5 4 grins 67 -Alcohol dissolves 
virtually none. The salt can "be crystallized from water at 30° The heat of soln 
is 11 8 Cals , and the heat of formation from solid lodate and iodic acid, 3 1 Cals 58 
The salt is decomposed by mineral acids, and by potassium iodide 6KH(IO a ) 2 H-5KI 
==11KI0 3 +3I2+-3H 2 0, G 8. S6rullas, 69 C. P Rammelsberg, E Pilhol, and 
H L. Wheeler prepared rhombic crystals of a double compound with potassium 
chloride, KC1 KI0 S HI0 3 

N A E MillonandA Ditte made potassium tri-iodate, KI0 3 2HI0 S , by treating 

a mol. of potassium by dioxide with three mols. of iodic acid, and by the action of 
an excess of iodic acid on a soln of the normal salt , and G S Serullas made this 
salt by treating the normal lodate, or the di-iodate with mineral acids The crystals 
form rhomboidal prisms belonging to the triclmic system, and acquire a reddish 
tinge after standing some time When heated between 150° and 200°, they lose 
325 per cent of water , and on further heating, the crystals melt, and then decom- 
pose, forming potassium iodide, lodme, and oxygen At 15°, 100 gnns of water 
dissolve 4 0 grms of the salt The aq soln deposits crystals of KI0 3 HJO s 
A soln with a mol of the salt m 32 litres has an electrical conductivity 60 578 , 
and in 1024 litres, 789 

The composition of all possible mixtures of the three components, KI0 a , HI0 s , 
and H 2 0, can he represented by a point on the equilateral triangle, Pig 19 The 



curves AB, BC , CD, DE, and CM represent systems in which the composition of 
the soln are indicated. The points, K, L , and O, represent respectively 100 per 
cent, of HI0 3j 100 per cent HgO, and 100 per cent KI0 3 The points P represent 
the composition of the binary salt K.IO 3 2HI0 3 , and Q the composition of the 
binary salt KI0 3 .HIOg The curves AB, BC, CD, and DE, Pig 19, represent 
the composition of soln. which are m equilibnum respectively with the solid phases . 
KIO 3 , KIO 3 HI0 3 , EJ0 3 .2HI0 8 , and HI0 3 The point A represents the solubility 
of potassium iodate, and E the solubility of iodic acid in water at 30° The curves 
intersect at the points B, C, D 3 and these points represent the composition of 
soln which are in equilibnum with two solid phases. Thus, at B, the soln is m 
equilibrium with the salts KIO s and KIO s HIO s , at G , with the salts KIO 3 .HIO 3 
and EIO3 2HLO3 J and at Z>, with the salt KI0 3 2HI0 3 and solid iodrc acid, HI0 8 
The curve ABODE cuts the triangle into two parts (1) The region ABCDEL 
represents a complex of the three components which at 30° form an unsaturated 
soln ; (2) The region AJBCDEKO represents a complex which at 30° splits mto 
a soln. and one or two solid phases — the lines BO, BQ, CQ, CP, DP, and DK have 
been drawn in order to show how the splitting occurs. Any point m the sectors 
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ABO , CBQ, CLP , and EDK represents a soln which separates at 30° into a soln. 
whose composition is represented by a point on the curve AB, BO , CD, or DE and 
mto one of the solid phases KI0 S , KI0 S HIO B , KIO s 2HI0 8 3 or HI0 3 . A point 
m the triangle BOQ, CPQ , or DPK represents a soln which at 30° separates into the 
soln B, 0, or D, and two salts respectively KIO s and KI0 8 HI0 3 , KI0 3 2HI0 3 ; 
or KIO s 2 HIO s and HI0 a . In some cases, labile or metastable systems may be 
formed , for example, a soln of the composition represented by the point in the 
triangle CPQ, Fig. 19, instead of separating mto the two solid phases KIO s HI0 3 
and KI0 3 2 HIO s and a soln of the composition C, separates into the solid phase 
KIO3.2HIO3 and a soln represented by a point on the curve CM. The di-iodate 
can be crystallized from pure water, at 30°, but with the tri-iodate, unstable di- 
lodate may separate out. 

It has been claimed that sodium di-iodate, NaIO s HIO s , can be made by adding 
sodium iodate, NaIO s , to an aq soln of iodine chloride, and precipitating the acid 
salt with alcohol ; but G S. S&nillas 61 stated that negative results are ob tamed, 
for the ordinary iodate is precipitated — C F Rammelsherg, A. Ditte, and N A. E. 
Millon likewise failed N A E Millon said that he was unable to obtain, by 
analysis, aucun rSsultal assez pour Ure enregistrS. F. Penny claimed to have 
made the salt NaI0 3 HIO3 by the action of nitric acid upon sodium iodate ; and 
NaIO s 2H30 S , by using a considerable excess of nitric acid — but F Penny 
gives no analysis of bos products. C W Blomstrand prepared sodium tri-iodate, 
NaI0 3 2HIO2 £H 2 0, but not the di-iodate It is probable that G W Blomstrand’ a 
tn-iodate is anhydrous and not hydrated as he supposed. It is obtained by 
spontaneous crystallization from a soln. containing a mol of the sodium salt with 
about four mol, of iodic acid C. W. Blomstrand says : 

A small portion of the soln dnee to a transparent gum -like mass, but a large quantity 
of soln , after some days, begins to deposit on the basm near the surface a ring of a substance 
resembling chalk, and which consists of very fine particles, and radiating masses then extend 
deeper mto the soln From time to time, the solid is removed from the liquid by means of 
a spoon, and as much of the mother liquor as possible removed by press The residual 
solid is a dry fine crystalline powder 

According to M WeibuU, the crystals probably belong to the cubic system. 

P A Meerburg’s equilibrium curve fox the ternary system, NaI0 3 — HIO3 — H 2 0, 
is shown in Fig 20, and the diagram is interpreted like that for the ternary system, 
KI0 3 — HI0 3 — H 2 0. The solid phases are NaIO a 1£H 2 0 ; NaIO s 2HI0 3 , and the 
pyro- or anhydio-salt, Na20 2I 2 05, % e. 2NaI0 3 I 2 0 5 The curve AB represents 
the composition of soln in equilibrium with NaI0 3 1£H 2 0 ; BC, of soln in equi- 
librium with Na 2 0 2I 2 0 6 , CD, NaIO s 2BIO s , and DE, the composition of soln. 
in equilibrium with solid HI0 3 . The composition of the sodium anhydro-iodate, 
2NaI0 a I 2 0 6 , or Na^On, is not shown in Fig 20, but it is indicated m the incom- 
plete diagram. Fig 21, representing the ternary system, I 2 0 6 — H s O — Na s O. Here, 
the pomt P represents the composition of the solid phase, I 2 0 5 H 2 0, or HI0 3 ; 
Q, 3I 2 0 B Na^O 2H 2 0, or NaI0 3 2HI0 3 ; R, Na 2 0 2I 2 0 6 , or 2NaI0 3 .I 2 0 5 , S, 
Na 2 0 I 2 0 6 -3H 2 0, or NaIO s 1£H 2 0 , and T, Na 2 0.3H 2 0, ox NaOH H s O. The curve 
ABCDFG is given diagrammatically ; the dotted line has not been explored. The 
line AB represents the composition of a soln in equilibrium with the solid phase 
h0 5i H 2 0, or HI0 S , BC, with 3I 2 0 6 .Na 2 0 2H 2 0, or NaIO s 2HI0 3 , CD, with 
2I 2 0g Na 2 0, or 2NaIO a I 2 0 3 ; DEE , with I 2 Og Na 2 0.3H 2 0, or NaIO a 1£H 2 0 , 
and EG, Na 2 0.3H 2 0, 01 NaOH H 2 0 The pointB A and G represent the solubility 
at 30° of pure iodic acid and NaOH H 2 0 respectively ; the pomt B, C, D, and E are 
quadruple points xepresentmg soln m equilibrium with two solid phases. 

H L Wheeler & prepared rubidium di-iodate, RbI0 8 EH0 8 , by mixing warm 
Boln containing one mol of iodine pentoxide and two of rubidium chloride : 
RbCl+2HI0 3 ==RbI0 8 HI0 8 -}-HCl. The acid iodate separates as a sparingly 
soluble crystalline powder on coolmg The acid iodate dissolves in hot water, and 

VOL. ti. z 
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the normal xodate separates on cooling Rubidium tri-iodate, RbI0 3 2HI0 S , sepa- 
rates as a sparingly soluble crystalline powder during the coobng of a hot soln of 
5 grms of rubidium lodate and 13 grms of iodine pentoxide in 100 c c of water, 
boiled down to half its volume As with the di-iodate, the tn-iodate dissolves ia 
hot water and the soln deposits the normal lodate on cooling When a moderately 
dil soln of two mol of caesium chloride is mixed with a mol of iodine pentoxide 
dissolved in a little water — dissolving any precipitate which may be formed by the 
addition of more water and heat — a sandy powder of caesium anhydro-iodate, 
2CsI0 3 I 2 0 5 , is formed It can be recrystalhzed from dil soln of iodic acid or even 
water alone without decomposition H L Wheeler also obtained caesium acid 
anhydro-iodate s 2CsIO s I 2 0 6 2HI0 3 , by mixing 5 grms. of anhydro-iodate, 
2CsI0 3 I2O5, to a boiling soln of 25 grms of iodine pentoxide m a kttle water. 
When water is added, the compound is precipitated 

A series of complex salts — halogenato-iodates — have been formed by the union 
of the iodates or iodic acid with the alkali halides For example, Gr S Serullas 63 


obtained rhombic crystals of the compound KCLKIO3 HI0 3 , or KC1 KH(I0 3 ), 

by incompletely saturating a soln of 
b-Q* iodine trichloride with potassium hydroxide, 

or carbonate, or by warming normal potas- 
sium lodate with dil hydrochloric acid 
(1 10), allowing the respective soln to 
evaporate spontaneously The crystals 
axe stable in air, and 100 grms. of water 
dissolve 5 26 grms of the salt. Cold 
alcohol extracts potassium chloride from 
the crystals The salt does not decom- 

J >ose at 100° , and it loses water at 260°. 
FCGde Marignac found the axial ratios 
of the crystals to be a b • c=l 1483 1 
M " G W £ 0zt& fo £ o 0*8847 , while those of KI0 3 HI0 3 are 

Fro. 21 —Equilibrium Curve of the Ter- L1470 : 1 (3 X0 8725) Other related com- 
nary System, I a 0 fi -Na t 0-H 2 O plexes are E Filhol’s KC1(HI0 3 ) 2 and 

KC1(KI0 3 ) 2 ; 04 0 P Rammelsberg’s 

(NaCl) 8 (NaI0 8 ) 2 9H 2 0 , (NaCl) 2 (NaI0 8 )I2H 2 0 , NaBr NaI0 3 GH 2 0, and the same 
salt with 9H 2 0 > F Benny’s (NaI) 3 (NaI0 3 ) 2 19H 2 0, which, according to 0. F Ram- 
melsbexg and J C G de Mangnac, contams 20H 2 O not 19H 2 0 ; H L. Wheeler’s 
RbCJlHIOs, CsClHIO a , and (RbCl) 8 HI0 3 ; and A Michael and W T Conn’s 


HI^, which is considered to be (I 2 ) 3 HI0 3 , and is formed by the action of iodine 
on perchloric acid, HCIO4 

Ammonium chlorate and bromate, NH4CIO3 and NR^BrOjj — J L Gay Lussac 05 
prepared ammonium chlorate hy the action of an ac[ soln. of chloric acid on aqua 
ammonia or ammonium carbonate , and R Chenevix and A. Wacliter by treating 
barium, strontium, or calcium chlorate with ammonium carbonate 0 Lowig 


prepared ammonium bromate by analogous methods J J. Berzelius also made 
ammomum chlorate by the action of ammonium fiuosiheate, (NH^SiFe, on potas- 
sium chlorate and decanted the soln. from the sparingly soluble potassium fluosilicate, 
K 2 SiF 0 , was precipitated ; while J Wonfor used ammonium hydrogen tartrate and 
potassium chlorate, and decanted the soln from the sparingly soluble potassium 
tartiate H Kammerer made ammomum bromate by heating iodic acid or 
potassium lodate with an excess of cone ammonia for 8 hrs at 110° — potassium 
iodide and ammonium bromate were produced. According to C. P. Schonbem, 
a small amount of ammomum chlorate is formed in the action of chlorine on aq 
ammonia, and the bxomate, by the action of bro min e on ammonia H Erdmann 
thus describes the process , 


Slowly run 75 o 0 . of bromine from a dropping -tunnel, with the stem drawn to a fine point, 
into 220 c c of cone. 30 per cent, ammonia contained in a flask surro unde d by ice- water 
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The reaction is 8NH 8 +3Br, * GKH^Br-f-Nj. The liquid shouJd remain strongly ammomacal 
during the addition of the bromine, and it should be continually shaken If the bromine is 
run m too rapidly, or if the liquid becomes acid, the explosive nitrogen bromide may be 
formed Heat the liquid until all the free ammonia is driven off, and evaporate the soln 
to enable the ammonium bromate to crystallize Dry the ammonium salt by warming the 
dish over a flame The yield is 220 grms of ammonium bromate. 


According to J Grossmann, ammonium chlorate is made by the action of sodium 
chlorate on a soln, of ammonium chloride , when the liquor is cone by evaporation 
in a steamq acketed enamelled pan, crystals of sodium chloride separate out, and 
the hot filtered liquor, on cooling, gives a crop of crystals of ammonium chlorate 
.Ammonium chlorate is explosive, and the crystals may explode spontaneously m 
a short time or m a few months , and G E Davis 66 reported an explosion of the 
soln while being cone m steam-jacketed pans, with demolition of the buildings m 
which the operations were being conducted The boiling aq soln decomposes into 
chlorine and nitrogen , and according to A Wachter, the solid decomposes when 
heated to 102° ; when projected on to a cold plate , and in contact with organic 
matter (E Mitscherlich) The products of the decomposition are chlorine, nitrogen, 
water, hypomtroua acid, and a little oxygen and a mm onium chloride. Similar 
remarks apply to the bromate According to A Ries, 67 the white needle-like crystals 


wm 


%J0a zHIOs 


of ammonium chlorate are probably rhombohedral and lsomorphous with potassium 
chlorate , the crystals of ammonium bromate are probably trigonal hke potassium 
bromate and are not lsomorphous with 

potassium bromate The crystals of both Hm - 

the chlorate and bromate have a piquant 
taste , they are very soluble in water, and 
almost insoluble in aq alcohol The sp. 
vol of a soln of ammonium chlorate is 
0 986330, and the volume of a soln contain- 
ing J an eq. of the salt is 1972 661 when the 
computed volume is 1976 290 J H. Glad- 
stone found the refraction eq of 4 63 and 
21 76 per cent, soln of ammonium chlo- 
rate to be respectively 29 61 and 28 76 
for the F-line, and 33 14 and 30 01 for the 
ff-lrne „ f0 q 

Ammonium iodafce, NB4IO3 -This sail ^ 22 _ Eqmhbrram Diagram for 8olu . 
is formed by H. Kammerer 68 as a spar- turns m the Ternary S^tem, NH.IO, 
ingly soluble white crystalline powder by — HIO a — H t O 


tftUIOs HIOj 



the neutralisation of aq iodic acid, or 

iodine trichloride with ammonia or ammonium carbonate , from iodine water and 


ammonia ; from cold soln. of ammonium carbonate and barium lodate. A Guyard, 
and F D Chattaway and K J P Orton, also noticed that when nitrogen iodide is 
suspended m aqua ammonia and exposed to sunlight, ammo nium iodide and lodate 
are formed. 


According to A S Eakle 00 the crystals belong to the rhombic system, but A. Ries 
says that it is more probable that they belong to the mono clinic system — with a 
pseudo-cubic form and axial ratios a . b : c== 0 9951 : 1 : 1*4299 , £=90° O'. F. W. 
Clarke 70 gives the sp gr at 12 5° as 3 3372, and at 21°, 3*3086 referred to water at 
4°. According to C. F Rammelsberg, the solubility in 100 grms. of water is 2 06 
grms at 15°, and 14 6 grms m a boiling soln ; P A. Meerburg found that water 
at 30° dissolved 4*20 per cent, of ammonium lodate, Fig 22. H. Marbuch found that 
the crystals, but not the aq soln , act on polarized light. The crystals decomposed 
with a hissing noise at 150°, into iodine, oxygen, nitrogen, and water vapour * 
2NHJ0 8 =N 2 +I 2 +0 2 +4H 2 0 , and they detonate when projected on glowing 
charcoal ; and oono hydrochloric acid also converts them into ammonium tetra- 
chloro-zodide, NB4ICI4 According to A. Ditte, white crystals of hexuihydrated 
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ammomom-iodate, 2NH4IOS H 2 0, separate from a boiling soln of iodic acid, sat 
with ammonia , the crystals are stable at 106°, but decompose explosively at 150° 

C W Blomstrand found that crystals of the normal lodate separate when eq„ 
soln of iodic acid and ammonium lodate are mixed together , while A Ditte claimed 
that crystals of ammonium di-iodate, NH4IO3 H10 3 , are produced at 70° P A 
Meerburg, in confirmation of C. W. Blomstrand, could find no sign of the alleged 
ck-iodate at 30°, and his equilibnum diagram of ternary soln ■ OTJ4IO3— HIO s — H 2 0, 
at 30°, is shown m Fig 22 Ammonium tri-iodate, NHJC^HIOg, te 
(NH4)H 2 (I0 3 ) 2> was, however, obtained by all three investigators in the foma of 
trickmc crystals from soln containing two eq. of iodic acid per eq of ammonium 
lodate In the diagram, DC represents the composition of the soln in equilibrium 
with solid ammonium lodate, N^IOg , DC, with the tn-iodate, NHJOs 2HI0 S , 
AS, with iodic acid, HI0 3 The quadruple points B and O represent soln m equi- 
librium with two solid phases. E Riegler also prepared the tn-iodate by adding an 
aq soln. containing the eq of 3 grms of NH 3 to a boiling aq soln of 100 grms of 
iodic acid, HIO s , and allowing the mixture to stand 24 hxs The triclimc crystals 
have axial ratios a b.c= 0 5693 1 *, and a=81° 17' , j8=115° 8', y=90° 49'. 

E Riegler proposes this complex salt for standardizing soln in volumetric analysis 
Silver chlorate, AgClOg — R Chenevix (1802) 71 obtained a silver chlorate by lead- 
ing chlorine gas into water in which silver oxide was suspended, until oxygen began 
to be formed J S. Stas prepared the same salt in a similar manner, using either 
the oxide or the carbonate Silver chloride and hypochlorite are first formed, and 
part of the latter is hydrolyzed to hypochlorous acid, which then reacts with another 
part of the silver hypochlorite to form silver chloride and chlorate. The clear 
liquid is decanted from the chloride and evaporated until the chlorate crystallizes 
out. L. N. Vauquelin made the salt by dissolving silver oxide m chloric acid , and 
W. S. Hendnxson by the action of chloric acid on finely divided silver : 6Ag+6HC10j 
==AgCl+3H 2 0+5AgC10 3 . Silver chlorate exists in two forms (1) stable white 
opaque tetragonal prisms with the axial ratio a 0= 1 : 0 9325, and sp, gr. according 
toH G.F Schroder, 72 4’42 to 4 44 ; or, according to J W. Retgers, 4 401 at 23° ; 
(11) Labile cubic crystals with a sp gr of 4 21 according to J W. Retgers Like 
potassium chlorate, silver chlorate does not change m dry or moist air L N. Vau- 
quelin says that 100 parts of cold water dissolves about 9 grms of the salt, while 
A. Wachter gives nearly twice this amount — namely, 20 grms The salt dissolves 
readily m alcohol M Lob and W. Nerast give the eq. conductivity of a soln 
containing 0 0008 and 0 025 mol of AgC10 s per litre as 1163 and 1045 respectively , 
the transport number of the anion m 0 02W-soln is given as 0 605. Accordin g to 
A. "Wachter (1 843), silver chlorate melts at 230°, and develops oxygen at 270°, leaving 
a residue of silver chloride , with very rapid heating the salt may decompose ex- 
plosively. G. Gore 78 obtamed a black deposit — -possibly silver peroxide — upon the 
anode during the electrolysis of soln of silver chlorate Dry chlorine, according to 
J, Krutwig, converts silver chlorate into silver chloride and chlonne dioxide , and 
m aq. soln , chlonne forms silver chloride, ohlonc acid, and some oxygen. With 
hydrochloric, mtnc, and acetic acids, silver chloride and oxygen are formed 
G. Bnini and G Levi prepared triammino-silver chlorate, AgC10 3 .3NH 3 

Silver bromate, AgBr0 3 — A. J Balard 74 precipitated silver bromate, AgBr0 3 , 
as a white powder by adding bromic acid or potassium bromate to a soln. of silver 
nitrate , the powder darkens in light J. S. Stas says that the precipitate is con- 
taminated with an appreciable quantity of silver nitrate, and he reco mm ends 
precipitating the salt by adding a neutral one per cent soln of silver sulphate to 
a 3 per cent, soln of potassium bromate — if the silver sulphate is not quite neutral, 
the precipitate will be contaminated with silver bromide, and the supernatant liquor 
will appear more or less milky, and be coloured violet or purple m light J. S. Stas 
also made silver bromate, by treating a 5 per cent soln of silver dithionate, Ag 2 S 2 Ofl, 
with a 5 per cent. soln. of potassium bromate, all at 0° ; a white precipitate is formed 
which is thoroughly washed by decantation with cold water, and recrystallized from 
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its soln. in boiling water The salt, dned at 150°, m vacuo, contains a trace of water 
which can be expelled only by fusion The crystals of silver bromate belong to the 
tetragonal system 78 with the axial ratio a c — 1 0 943, and sp. gr. according to 
F W Clarke of 5 1983 to 5 2153 The solubility of silver bromate at 20° is 1 586 grins, 
per litre (W. Bottger) , 76 at 24 5°, 1 911 (A A Noyes) , and at 25°, 1 68 (A. Longi). 
According to A Longi, a soln m 5 per. cent ammonia (sp. gr 0*998) contains 3*51 
grins of AgBrOs per 100 c c of soln , or 3 554 grms of salt per 100 gnus of soln. ; 
and 100 c c of a 10 per cent ammonia soln (sp gr 0 96) contains 44 36 grms of 
salt per 100 c c of soln , or 46 25 grms per 100 grms of soln ; and a soln in 35 per 
cent nitric acid (sp gr 1 21) contains 0 381 grm of salt per 100 c c , or 0 312 grm 
per 100 grins of soln A A Noyes showed that the solubility is depressed in presence 
of silver nitrate or potassium bromate According to C F Rammelsberg, 77 a sat, 
soln of silver bromate m aq ammonia deposits, on cone , crystals of diammmo- 
silver bromate, AgBr0 3 2NH 3 , a salt which readily decomposes into nitrogen, water, 
and silver bromide , it also decomposes with a hissing noise when warmed Accord- 
ing to J S Stas, highly purified silver hromate is stable m light m air free from organic 
matter, and its soln can he boiled, without change, in direct sunlight It decomposes 
when heated, forming oxygen and silver bromide If rapidly heated the salt may 
detonate G Brum and G. Levi prepared triammino-silver bromate, AgBrO s 3NH 3 . 

Silver iodate, AgIO a — A mixture of silver iodate and iodide was made by 
C Weltzien (1854) 78 and A Naquet, by the action of iodine m aq. or alcoholic soln. 
on an excess of silver oxide or nitrate, by W S Hendrixson by the action of 
iodic acid on finely divided silver , by C W. B Normand and A. C Gumming by the 
prolonged action of lodme on silver cyanate ; by W. Pawloff and S Schein by the 
action of iodine on silver nitrate , by J L Gay Lussao (1815) and A Ladenburg 
(1865), by treating a soln of silver nitrate with iodic acid, or, according to 0, F. 
Rammelsberg, sodium iodate A Ditte obtamed good crystals by cooling dil. hot 
soln of silver nitrate and potassium iodate in the presence of much nitric acid 
The difficulty of washing silver nitrate from these precipitates led J S Stas to treat 
silver sulphate with iodic acid , or silver dithionate, Ag 2 S 2 O 0 , with potassium iodate 
The precipitate is washed with cold water, then with hot water, by means of 
suction The precipitate is sufficiently finely divided for adequate washing when 
made m dil soln — say 2£ per cent A E Hill and J. P. Simmons purified silver 
iodate by dissolving the washed precipitate in aqua ammonia, and reprecipitating 
by the addition of mtiic acid, and again washing the product The precipitate is 
at first amorphous, but it slowly changes into the crystalline condition by agitation 
with nitric acid The product is dned at 130°-150° m a current of dry air free from 
organic matter N A. E Millon, however, has Bhown that the salt retains traces 
of water very tenaciously at 200°. 

Rhombic crystals separate from aq. ammonia in small prisms free from ammonia 
The axial ratios are a * b : c=0 8832 • 1 • 1 3072 According to F. W. Clarke, 7 ® the 
sp. gr. of precipitated silver iodate at 16 5° is 5*4023 , and of the salt crystallized 
from ammonia, at 16 5°, is 5*6475 It melts when heated with but slight decom- 
position, and at a higher temp it decomposes into oxygen and silver iodide 
According to J S Stas, it does not blacken m light if orgamc matter be excluded. 
Silver iodate is sparingly soluble m water, 100 c c of water at 18° dissolve 0 00014 
mol (F Kohlrausch), 80 at 19 95°, 0 000154 mol. (W. Bottger) ; and at 25°, 0*000189 
mol (A A Noyes and D A Kohr) A Longi found that 100 c c of 0 5 per cent, 
ammonia (sp gr 0 998) dissolve 1*134 grms of silver iodate , 10 per cent ammonia 
(sp. gr 0 96), 42 grms , and 35 per cent nitric acid, 0 116 grm According to 
A E. Hill and J P. Simmons, the solubility in nitric acid at 25° in grams and m 
equivalents per litre, is 

WKn fN- . . 0 0*125 0 250 0 500 1*00 2 00 4 00 80 0 

cent 0 0 788 1 564 3 006 6 128 11 767 22 277 40 425 

. Tn /Grms . 0 0503- 0 0864 0 1074 0*1413 0 2067 0 3319 0 6935 1 587 

. 0 178 0 304 0 379 0 499 0 731 I 174 2 469 5 608 
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The amorphous variety is more soluble than the crystalline form The salt la 
not decomposed by boiling nitnc acid , 81 cone sulphuric acid at 300° does not yield 
oxygen or iodine, but if organic matter be present the salt decomposes at 170° 
Alkali lye decomposes silver lodate rapidly m the cold Chlorine acts only on the 
heated salt, forming iodine trichloride Hydrochloric acid acts : AgIO s +6HCl 
— AgCl+ICl 3 +3H 2 0+Cl 2 , iodine yields iodic acid and silver iodide , boiling soln 
of potassium iodide give silvex iodide and potassium lodate , cone soln of potassium 
iodide, m the presence of hydrochloric acid, furnish iodine, silver iodide, and potas- 
sium. chloride : AgI0 8 +6KI+6HCl=AgI+6KCl+3J 2 +3H 2 0. Gold is not 

attacked by iodic acid ; but a soln of auric chloride, AUCI3, with iodic acid ox 
potassium iodate, gives a yellow precipitate of spanngly soluble gold iodate. The 
corresponding chlorate and bromate have not been made. 

Cupric chlorate, Cu(C10 3 ) 2 — L N. Vauquelin (1815) 82 and J. Tiaube (1895) 
obtained bluish-green soln by the dissolution of cupnc oxide or carbonate in chlono 
acid , and by evaporating the analogous soln obtained by the action of cupric 
sulphate on banum chlorate, in vacuo, over sulphuric acid, dark green crystals of 
what are said to he hexahydrated cupric chlorate, Cu(C10 3 ) 2 6H 2 0, were obtained 
by A Wachtex, in 1843 The crystals are unstable in air , they melt at 65°, freeze 
again at 20°. At 100°, the salt gives off gas bubbles, and this the more 
vigorously as the temp, rises to 110° or 120° The gases are chlorine dioxide, 
cliloxine, and oxygen. According to J Traube, aq soln at 15° have, with 

Percent Cu(C10 8 ) 9 . 2*106 4 778 6*946 10 016 14 387 

Specific gravity . . 1 01620 1 03857 1*05714 1 08444 1 12631 

Mol solution volume • 47 0 47 4 48 6 49 6 61 0 

The lowering of the f p of water by the soln of 2 106 per cent Cu(C10 8 ) 2 is 0’485°, 
so that the molecular depression is 53 1 The crystals are soluble m alcohol It is 
probable that the alleged hexahydrated chlorate is a tetrahydrated chlorate, for, 
according to A. Meusser, the solubility curve shows no signs of the hexahydrate, 
but only tetrahydrated cupric chlorate, Cu(C10 8 ) 2 4H 2 0 The solubility repre- 
sented by the number of grams of cupric chlorate, Cu(C10 3 ) 2 , in 100 grim of soln, 
at different temp , in presence of the solid phase Cu(C10g)2‘4H 2 0, is 

-31° -21° 0 8° 18° 45° 59 6° 7l p 

Solubility . . . 64*69 67 12 58 61 62 17 66 17 69*42 76 90 

Ice is the solid phase below — 12°, when the solubility is 30 5 per cent., and at 
—25°, 39 1 per cent , the solid melts at 73°. Possibly at this temp a lower hydrate 
is formed. 

A basic Copper chlorate ib formed when soln of potassium chlorate acidified 
with sulphuric acid are electrolyzed with an alternating current between copper 
electrodes (L. Rossi) ; 88 when the hydrate is heated above 100° (A. Wachter) ; when 
a soln. of copper chlorate be mixed with pieces of marble or urea, and heated m a 
sealed tube to 130° (L Bourgeois) , when the hydroxides of the alkalies or alkaline 
earths act on cupric chlorate soln., or copper hydroxide acts on soln of potassium 
chlorate (A. Brochet) , when hydrated cupnc oxide or oupnc hydroxide acts on 
cupno chlorate soln. (P, Sabatier) , or when potassium chlorate acts on cupric 
acetate soln (A Casselmann), basic cupric chlorate is obtained The basic 
chlorate forms bluish-green monoclimc prisms , of sp gr 3 55 ; and composition 
4CuO Cl 2 O fi 3H 2 0, that is, Cu(C10 8 ) 2 .3Cu(0IT)2, which A Werner considers to 
be hexahydroxyl oupnc chlorate : 

[ Cu ( JoC’OJ^Os)* 

This basic chlorate is very spanngly soluble in water, very soluble in dil. acids, and 
the soln. in dil nitric acid gives no precipitate with silver nitrate , the soln in 
hydrochloric acid smells of chlorine. Its solubility m a cone soln of cupno 
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chlorate is proportional to the temp, and oonc. of the Boln. The basic chlorates 
have not been studied from the point of view of the phase rule, 

F. Ephraim and A. Jahnsen prepared a number of ammino-compounds or 
amm omates of the metal chlorates bromates, and lodates ( 1 ) by passing ammonia 
into a oonc. aq soln of the metal ; (ii) by adding ethyl alcohol sat with ammonia 
to the metal salt , or (m) by heatmg the salt at a suitable temp m a stream 
of ammonia. Copper tetramimno-chlorate, Cn(C10 3 ) 2 4NH S , forms deep-blue 
needles with a sp. gr 1 81, mol vol. 164’9, and a dissociation press of 36 mm at 
97° ; 55 mm at 116° , and 715 mm. at 158°. Copper hexammino-chlorate, 
Cu(C10 8 ) 2 6NH 3 , forms deep-blue crystals with a dissociation press of 201 mm. at 
—15° , 286 mm at —1° ; 380 mm at 10° ; 491 mm. at 20° ; 628 mm at 31° — with 
some evidence of the formation of a solid soln. Many of these am mmo-componnds 
explode when heated or by percussion. The explosion in an open tube is believed 
to occur at the temp, at which the dissociation press reaches one atm , because 
“ below the dissociation temp , the splitting off of ammonia molecules is an endo * 
thermal process, but above the dissociation temp an exothermal process 5 ’ Copper 
tetra-ammino-clilorate explodes m an open and closed tube respectively at 208° and 
289° ; and the hexa-aminino-chlorate at 201° and 240°. The heats of formation, 
Q, calculated by A. Jahnsen from log p= — Q/4 571T+l*75T+3 8 are 15 6 Cals, 
for the tetram rmno-salt, and 9 8 Cals, for the hexam m m o -salt. 

Copper bromate, Cu(Br0 8 ) 2 — This salt is obtained in a similar manner to the 
chlorate, forming deep blue octahedral crystals, with sp. gr. 2 583. C- F. Rammels^ 
berg’s analyses 84 make the composition Cu(BrO s ) 2 5H 2 0, H. Topsoe’s analyses, 
Cu(Br0 3 ) 2 6H 2 0. The crystals do not effloresce in air, but over cone sulphuric 
acid they form a green powder. The crystals lose most of their water at 180°, 
and the last trace with some bromine is lost at 200°. As with the chlorate, basic 
bromate is said to be formed when the hydrated bromate is heated ; and when 
the normal salt is incompletely precipitated by ammonia. C. F. Rammelsberg 
gives for the composition of the basic bromate 6CuO Br 2 0 6 .10H 2 0 ; that is, 
Cu(Br0 3 ) 2 5 Cu(OH) 2 5H 2 0 C. F. Rammelsberg, and A Jahnsen prepared cupric 
tetrammino-bromate, 0u(Br0 3 ) 2 4NH 3 . At room temp the salt takes up no more 
ammonia Its sp gr is 2 31 , mol vol 167 7 , its heat of formation 14 9 Cals ; 
it detonates m an open capillary tube at 140°, and m a closed tube at 148°-150° ; 
and it also detonates when struck with a hammer. 

Copper iodate, Cu(I0 3 ) 2 — Copper iodate is not precipitated when iodic acid is 
added to a soln of cupnc nitrate, because the mtnc acid liberated by the double 
decomposition is soluble therein. C F. Rammelsberg m 1838, and X. A. E. Millon 85 
m 1845, made a soln. of copper iodate. A Pleischl (1825) noted a similar result 
is obtained by dissolving copper hydroxide or carbonate in iodic acid A 
greenish-wbite precipitate is formed when a mixed soln. of iodic acid or sodium 
iodate and copper nitrate, acetate, or sulphate is allowed to stand for a few hours, 
or, if the soln be acidified with mtnc acid and warmed to 40° or 50° (A Ditto) ; 
A. Granger, and A. de Schulten gradually dropped a soln of 20 grins of potassium 
iodate in two litres of water into a soln. of 30 gnns of cupric nitrate in 100 e c of 
water and 50 c c. of nitric acid (sp gr 1*33) heated on a water-bath. After Btandmg 
6 days, 11 gnus of crystals of the salt can be collected According to J F. Spencer, 
a pale-blue precipitate is formed when potassium iodate is added to a soln. of cupnc 
nitrate , the precipitate dissolves when the soln is shaken, but if an excess of the 
potassium iodate be added, a pale-blue crystalline precipitate is formed The 
precipitate can be washed with water and dried in air The pale-blue triclmic 
crystals have a sp gr 4 876 at 15°, and their composition corresponds with 
the monohydrated cupric iodate, 0u(IO 3 ) 2 H 2 0. The axial ratios are a b:o 
=1*2898 : 1 : 1*5188 ; a=82° 38' ; jS=95° O' , y=91° 6' , the sp. gr 4 876 This 
iodate loses water between 240° and 250°, the water of crystallization is taken up again 
very slowly when the dehydrated salt is placed in wateT ; when cupnc iodate is heated 
to a still higher temp, it gives off iodine and oxygen, and leaves a residue of cupric 
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oxide. 100 grms of water dissolve 0 # 33 grm. of this hydrate at 15° ; and 0 65 at 
100° J F. Spencer found 0 0033 mol. dissolved at 25°, and he could detect no 
evidence of the formation of complex salts m the presence of potassium lodate or 
cupric sulphate, because the depression of the solubility m the presence of these salts 
is normal Cupric lodate is soluble in aq ammonia and dll sulphuric acid , the soln 
in hydrochloric acid gradually decomposes with the evolution of chlorine, etc 
N. A. E Millon reported a hydrate, 3Cu(I0 3 ) 2 2H s O, but it is probably a mixture 
Anhydrous cupric lodate is formed when a sat. soln of the monohydrated salt in 
cone mtnc acid is heated between 70° and 80° for some time Pale-green mono- 
clnnc plates of sp gr 5 241 at 15° axe formed , the crystals, in contact with water, 
form the monohydrated salt on standing a few days A J ahnsen prepared the 
anhydrous lodate hy drying the monohydrate at 240°, the product is pale brown, 
but no free iodine can be detected m the product It has a sp. gr. 48 3, and mol 
vol. 85 6. Basic copper iodate corresponding with 2CuO I 2 0 6 ^H 2 0 has been 
reported by N. A E Millon (1845) and A. Ditte (1890) , and 2CuO I 2 0 5 H 2 0, 
or Cu(I0 8 ) 2 Cu(0H) 2j or Cu(IO s )OH by A Granger and A de Schulten (1904). 
The latter is produced by the action of pooassium iodate on a warm faintly acid dll. 
soln. of copper sulphate The dark-green rhombic crystals have a sp gr 4 878, 
and axial ratios a : b : c=0 7124 : 1 1 7073 Many basic salts may or may not 
prove to be chemical individuals when investigated m the light of the phase rule. 
G F Rammelsberg, and F Ephraim and A. Jahnsen prepared dehydrated copper 
fcetearnmino-iodate, Cu(I0 8 ) 2 2H 2 0 4NH 3 , m blue prisms by the action of ammonia 
on an ammomacal soln. of copper nitrate The compound Cu(I0 3 ) 8NH 3 4H 2 0, 
reported by A Ditte, is probably the tetrammmo-salt. A. Ditte also made this 
salt by the action of ammonia on anhydrous cupric iodate When this salt is 
dehydrated at 160° m a current of ammonia, it forms copper tetr am mino-iodate, 
Cu(I0 3 ) 2 4NH S , and when the latter compound is sat with ammonia in the cold, 
it furnishes copper pentammino-iodate, Cu(I0 8 ) 2 5NH S , of sp gr 2 72, and mol 
vol 183 2 The mol. vol. of each NH 8 m the complex is 19 5 The latter 
compound has a dissociation press of 141 mm at 50 5° , 260 mm at 65° , 440 mm 
at 70°, 640 mm at 82° , and 719 mm. at 81*5° The heat of formation, 
according to A. Jahnsen, is 12 7 Cals These amimno-iodates do not explode 
when heated in an open tube, but in a closed tube they explode between 
210° and 219° 

The chlorates of the alkaline earths. — These chlorates include calcium ohlorate, 
Ca(C10 3 ) 2 , strontium chlorate, Sr(C10 s ) 2 , and barium chlorate, Ba(C10 3 ) 2 The 
barium salt is perhaps the most useful of the senes because of its use in preparing 
the acid and other salts by double decomposition The chlorate and chloride of the 
alkaline earth are formed by passing chlorine into water in which the hydroxide or 
carbonate is suspended As previously indicated , the conditi ons for a maximum yield 
have been discussed by G. Lunge It is difficult to separate the chlorate and chloride by 
fractional crystallization, and hence R Chenevix and L. N Vauquelin 86 crystallized 
out as much of the less soluble chlonde as was practicable, and removed the re 
mamder by adding silver phosphate. C C Moore used native calcium borate at 
60°-B0° in place of the carbonate or hydroxide 3(Ca 2 B407.3H 2 0)+6Cl2+9H 2 0 
=12H 3 B03+5CaCl 2 +Ca(C103) 2 , and recovered the crystals of bone acid by cooling 
to 15°. The chlorate is also made by neutralizing an aq soln of chloric acid with 
the hydroxide or carbonate of the alkaline earth , the chlone acid being obtained 
by double decomposition with potassium or sodium chlorate and an acid or acid salt 
which will give a sparingly soluble alkali salt Thus, A W achter 87 treated potassium 
chlorate with hydrofluosihcic acid whereby potassium fluosiheate, K 2 SiF 6 , is pre- 
cipitated, and a soln of chloric acid is formed ; L. Thompson treated potassium 
chlorate with ammonium bitartrate to get a precipitate of potassium tartrate, 
and a soln of ammonium chlorate ; M, Brandau mixed potassium chlorate 
with aluminium sulphate and sulphuric acid, and added alcohol to precipitate alum 
— KgSO* A1 2 (S0 4 ) 3 24H2O ; A. Duflos treated Bodium chlorate with tartaric acid 
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whereby sodium tartrate, NaH B C 4 06, is precipitated ; and R Bottgei treated sodium 
chlorate with oxalic acid, whereby sodium oxalate, Na 2 C 204 , was precipitated. In 
each case, the decanted liquid was neutralized with the hydroxide or carbonate of 
the alkaline earth, and the clear liquor cone until the required salt crystallized from 
the soln The chlorates of the alkaline earths have been made by the electrolysis 
of soln of the chlorides (q.v ) 88 J L Wheeler, and T B- Munroe made barium 
chlorate by treating sodium chlorate with hydrofluosilicic acid. 2NaCl0 8 
+H 2 SiE 6 ^2HC10 3 +Na 2 SiE 6 , after settling, the soln, of chloric acid was decanted, 
and the precipitate washed. The chloric acid was then neutralized with barium 
carbonate, and the barium chlorate crystallized from the soln. The yield is about 
66 per cent The chief loss is due to the difficulty m separatmg the chloric acid 
and sodium fluosiheate 

Calcium chlorate separates m deliquescent, monoclinic crystals of the dihydrated 
calcium chlorate, Ca(C 103) 2 2H 2 0, when its soln are evaporated over cone, 
sulphuric acid According to A Wachter, 89 strontium chlorate under similar 
conditions gives rhombic crystals of the anhydrous salt, Sr(C10 3 ) 2 > where the 
axial ratios are a . b : c=0 9174 * 1 0 6003 (H. Topsoe) , A Potilitzin obtained 
needle-like crystals of tnbydrated strontium chlorate, Sr(C10 3 ) 2 3H 2 0, by cooling 
a 59 per cent soln to — 40°, and rhombic prisms by cooling a 64 per cent soln 
to — 20° or —25° , if the latter soln be rapidly cooled to — 95° to — 98°, it forms a 
gelatmous mass. Other less definite hydrates of strontium have been reported 
The soln of the barium salt furnishes monoclmic prisms of the monohydrated 
barium chlorate, Ba(C10 3 ) 2 H 2 0, where the axial ratios are a : l o= 1 1416 . 1 : 
1 19S1 , jy=93 u 34' (A. S Eakle). E Mallard, 99 H. Traube, J. W Retgers, and 
R Rea studied the isomorphism of the nitrate and chlorates. According to 
H. Traube, barium nitrate and chlorate form regular tetrahedra containing at 
most 12 5 per cent of barium chlorate, and monoclinic crystals with not over 9*1 
per cent of the nitrate. Rhombic crystals of strontium nitrate and chlorate were 
obtained with not over 7*2 per cent of the chlorate 

According to M Trautz and A Anschutz, the crystals of barium monohydrated- 
chlorate begin to form m darkness more rapidly than m light, they exhibit 
tnboluminescence — that is, they develop a transient luminescence by friction, 
trituration in a mortar, or by shaking the crystals m a bottle ; and according to 
A Wachter, crystallizing barium chlorate also shows crystallo-lmninescence — i e. 
crystallization is attended by flashes of luminescence P Bray could detect no 
fluorescence when the crystals of barium chlorate were exposed to the Rontgen or 
to the Becquerel rays. The crystals of the hydrated barium chlorate have a 
sp gr 2 988, according to C, H, D. Bodeker ; ^ 3 179, according to H G F. Schroder , 
the latter also gives 3 152 for the crystals of strontium chlorate 

The heat of formation 92 of barium chlorate, Ba(C10 8 ) 2 , from its elements is 
181*2 Cals ; the heat of soln. of the monohydxate in 600 mol of water is 11 24 Cals 
The sp ht , according to L Godm, is 0 157 between 17° and 47°. Dihydrated calcium 
chlorate melts 98 in its water of crystallization about 100°, and if heated slowly, all 
the water can be expelled According to I. Guareschi, the dehydration temperature 
is 50°, and the dry salt regains its water rapidly when exposed to the air, and is 
very deliquescent According to W H. Sodeau, anhydrous calcium chlorate 
decomposes: 2Ca(C10 3 ) 2 =2CaCl 2 +60 2 , and also 2Ca(O01 3 ) 2 =2CaO+2Cl 2 +5O 2 

180 times more chlorate decomposes by the first than by the second reaction 

from 0 6 to 2 0 per cent of chlorine accompanies the oxygen, whether the decom- 
position proceeds slowly at 4 mm or at 760 mm press When anhydrous strontium 
chlorate is heated, it begins to give off oxygen at about 120° , and then melts 
According to A. Potditzm, the first reaction m the decomposition of strontium 
chlorate is the formation of the perchlorate, chloride, and oxygen: HSrfClOo'lo 
=9SrCl 2 +2Sr(C10 4 ) 2 +250 2 A Wachter found that monohydrated barium 
chlorate loses its water at 120°, some oxygen is given ofl at 250°, and it melts at 
about 400 , and, as L N Vauquelm noticed, the residue contains both barium 
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oxide and banum chloride. A Potilrtzin says the decomposition begins at 300°, 
at 310° only about 0 2 per cent, is decomposed m 80 mm ; between 378° and 383°, 
the decomposition proceeds in accord with the equation • 2Ba(C10 3 ) 2 =BaCla 
+Ba(C 104 ) 2 + 20 g, at first with increasing and then with a decreasing velocity, but 
only about 11 1 per cent is decomposed m 3 hrs at thiB temp , between 403° and 
405°, the speed of this reaction is nearly doubled The solubility of the monohydrated 
barium chlorate in water has been determined by P. Kremers, 94 etc M Tiautz and 
A Anschutz find that the solid phase from the eutectic or cryohydric temp , — 2 749 c 
± 0 004°, is Ba(C10 3 ) 2 H 3 0, and the percentage amount of salt, calculated as Ba(C10 3 
in the soln. at different temp , is 

-2 75 p 0° 10° 20 p 40° 60° 80° 105° 146 J 

Per cent. Ba(C10 a ) a . 16 28 16 90 21*23 26*26 33*16 40 06 45 90 62 62 78*0 

According to A Etaid, the sat soln. of banum chlorate has a solubility S at 0° 
between 0° and 100°, jS= 19 0+0 3820 E Mylius and R. Punk state that 100 grms. 
of water dissolve 174 grms of Sr(C10 3 ) 2 at 18° ; ox 100 grms of a Bat soln at this 
temp, contains 63‘6 grms of strontium chlorate, and the sp gr of the soln is 1 839, 
Similarly, 100 grms of a sat soln. of hydrated calcium chlorate at 18° contams 64 
grms of calcium chlorate, Ca(C10 s ) 2 ; and the sp gr. of the soln is 1 729. According 
to W, Eidmann, hydrated banum and calcium chlorate are soluble in acetone , 
and sparingly soluble m absolute alcohol — the former colours the a] cohol flame green, 
the latter red The sat aq soln of barium chlorate, say M Trautz and A Anschutz, 
boils at 105° and 760 mm when the soba contains 52 67 per cent, of salt , P Kremers 
gives 111° as the boiling temp of a sat soln Gr. Tammann found that the vap. 
press, of water at 100° was lowered 8 7 mm by the dissolution of 8*54 grms of 
barium chlorate, and 103'2 mm by 86 29 grms J. H Gladstone found the refraction 
eq. of a 23 75 per oent soln of barium chlorate to be 52 72 for the A -line, 53 36 for 
the D-line, and 54 95 for the H-]me 

The bromates oi the alkaline earths. — The alkaline earth bromates are obtained 
by processes analogous to those employed for the chloiates. C. Lowig 96 treated an 
aq. soln. of the hydroxide with an excess of bro min e , A. J. Balard used bromine 
chloride ; G. Lowig and J. S Stas treated the chloride or acetate with potassium 
bromate : 2KBr0 8 +BaCl 2 =2KCl+Ba(Br0 8 ) 2 , and C, Lowig and C E. Rammels- 
berg neutralized bromic acid with the carbonate or hydroxide. The bromates of 
the alkaline earths can also be prepared by the eleotrolysis of soln. of the bromides 
J. Sarghel showed that the yield with banum bromide is smaller than with calcium 
or magnesium bromide. 

Calcium bromate is obtained by the concentration of the aq. soln m monoclinic 
crystals 06 of the monohydrated calcium bromate, Ca(Br0 3 ) 2 H 2 0 , and likewise 
with monoclinic crystals of monohydrated strontium brolnate, Sr(Br0 3 ) 2 H 2 0, 
which are isomorphous with banum chlorate, Ba(G10 3 ) 2 H 2 0, and monohydrated 
barium bromate, Ba(Br0 3 ) 2 H 2 0 JCG.de Marignac’s values for the axial 
ratios of the calcium salt are a : b : c=l 2046 : 1 : 1*0835 ; j3=97° 53' ; J. Behris 
values for the axial ratios of the crystals of the strontium salt are a : b : c = 1 1612 : 
1 : 1 2356 ; £=92° 38' , and for the barium salt, J. C G de Mangnac found a .b:o 
=1 *14-86 : 1 : 1 2130 , j8=93° 2\ According to H Topsoe, the sp gr of monohydrated 
calcium bromate is 3 329 , of the strontium salt, 3 773 ; and of the barium salt, 3 820 
J. Behr also gives for the strontium salt 3 778 , and for the banum salt, 4 253 
A. Eppler gives for the banum salt, 4 195, and E W Clarke and E H Storer , 4*0395 
at 17 , and 3*9918 at 18°. The crystals of calcium, strontium, and banum bromates 
show tnbolumineseence. 07 The calcium salt loses its water at 180°, and the anhy- 
drous salt decomposes when heated to a higher temp, into calcium bromide and 
oxygen ; the crystals of the hydrated strontium bromate do not lose their water 
at ordinary temp in vacuo over cone sulphuric acid, but the water is completely 
expelled and the dehydrated salt loses its oxygen and forms strontium bromide at 
a higher temp. According to A. Potilitzin, 9S oxygen begins to be evolved at about 
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240° without the salt melting. As the temp, rises, the speed of decomposition 
increases to a maximum when about 10-12 per cent, of oxygen has been given 
off. The main reaction furnishes oxygen and strontium bromide . Sr(Br0 3 ) 2 
=SrBr 2 +30 2 , and a secondary reaction results in the formation of strontium oxide, 
bromine, and oxygen * 2Sr(Br0 3 ) 2 =2SrO+2Br 2 -|-5O2 The higher the temp, of 
decomposition the less the proportion of bromate converted mto oxide — eg at 
252°, 5 per cent of oxide is formed : and at 287°, 0 52 per cent. Hydrated banum 
bromate loses its water completely at 170°. The evolution of oxygen begins at 
about 260° or 265°, and the decomposition is vigorous at 300°-305°, and some bromine 
vapour comes off. There is no sign of the formation of a perbromate, although 
A. Potihtzm (1890) argued that because the speed of decomposition shows 
two distinct maxima, the decomposition must take place in two stages; in one, 
BaO(BrO s ) 2 is formed, and in the other, Ba(Br0 3 ) 2 ; but this is an ill-founded 
hypothesis 

According to C. F. Bammelsberg, cold water dissolves very nearly its own weight 
of hydrated calcium bromate , one-third its weight of the corresponding strontium 
salt , and about y^th of its weight of the banum salt According to M Trautz 
and A. Anschutz, the cryohydnc temp with banum bromate, Ba(Br0g) 2 *H 2 0, is 
—0*034° ± 0*004°, and the solid phase from 0° to 100° is the monohydrate. The 
percentage solubility is then 

—0 084° 0° 10° 20* 40° 60° 80° 99*05° 

Per cent Ba(BrO a ), * 0*28 0*286 0 439 0 652 1 310 2*271 3*521 5 39 

W. Eidmann says banum bromate is not soluble in acetone. W. D Harkins has 
measured the effect of various salts on the solubility of banum bromate. 

The iodates of the alkaline earths. — According to E Sonstadt, sea-water contains 
one part of calcium lodate, Ca(IO s ) 2 , m 250,000 parts of water , and it occurs as the 
minerals lautante , Ca(IO s ) 2 , and dietzeite , 7 CaI 0 3 . 8 CaCr 04 , in CJhili saltpetre 09 
Lantante and dietzeite, says F. W Clarke, are remarkable as the first definitely 
known iodates to he found in the mineral kingdom, although A. A Hayes reported 
sodium lodate as long ago as 1844 According to A de Schulten, native lautarifce 
can be imitated by heating 400 grins of sodium nitrate until it commences to 
decompose, and mixing the molten mass with 125 grms of monohydxated calcium 
lodate On slowly cooling the molten soln and washing away the nitrate with cold 
water, fine tnclimo crystals of anhydrous calcium iodate, 2 to 3 mm. long, are 
obtained — sp. gr 4 591 at 15°. 

Three hydrates of calcium iodate have been reported, hut one is probably a 
mixture of the other two Rhombic crystals of hexahydrated calcium iodate, 
Ca(I0 3 ) 2 6H 2 0, separate from a mixture of soln. of calcium iodate in hot dil. nitric 
acid (A. Ditte) , from a mixture of soln. of calcium nitrate or chloride with iodic 
acid (N A. E. Millon) 100 or potassium iodate (CT F. Rammelsberg) , by mixing a 
cone ac[. soln. of calcium chloride with a dil alcoholic soln. of iodic acid 
(A Ditte) ; and by adding a cold filtered soln. of bleaching powder to an alcoholic 
soln. of iodine or potassium iodide until the iodine has all dissolved, and acids no 
longer produce a precipitate (W. Flight). The rhombic crystals of hexahydrated 
calcium iodate 101 have axial Tatios a : b : c= 0 4357 : 1 : 0 5229 when crystallized 
from dil nitric acid ; and a * b * c=0 6465 : 1 : 0*2768 when crystallized from soln. 
containing a little calcium chromate. The crystals show a positive double 
refraction. 

According to A. Ditte, if an excess of a boding soln. of calcium nitrate be mixed 
with a boiling soln of an alkali iodate, crystals of teti ahydrated calcium iodate , 
Ca(I0 3 ) 2 4H 2 0, separate on cooling, but in repeating this work, E Mylius and 
R Funk always obtained crystals of a variable composition, and they 
therefore infer that the alleged tetrahydrated iodate is really a mixture of the 
hexa- and the mono-hydrates. They find that if the hexahydrate be suspended 
jn water, and heated to boiling, small polyhedral crystals are obtained which corre- 
spond with monohydrated calcium iodate, Ca(IO a ) 2 .H 2 0. N. A. E Millon (1843) 
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also showed that the hexahydrate loses the eq. of five molecules of water when 
dried at 100°, and the remaining molecule at 190°. 

Strontium lodate furnishes two hydrates : According to C. E Rammelsberg, 
monohydrated strontium iodate, Sr(I0 3 ) 2 H 2 0, is formed as a white crystalline 
powder when hot soln of strontium chloride and sodium iodate are mixed together ; 
and, according to A Ditte, the same hydrate is formed by crystallization from 
cold nitric acid soln C. E Rammelsberg also claims that if soln of strontium 
chloride and sodium iodate are mixed together in the cold, small crystals of hexa- 
hydrated strontium iodate are formed. 

J. L Gay Lussac 102 made monohydrated barium iodate, Ba(I0 8 ) 2 H 2 0, by 
dissolving iodine in baryta-water ; R de Grosourdy employed iodine trichloride 
with "baryta water or barium carbonate suspended m water C F. Rammelsberg 
made it by heating barium periodate, and also by treating sodium iodate with a 
cone aq soln of barium chloride , A. Ditte similarly used a dil boiling soln of 
banum nitrate. N. A E Millon boiled baryta water with an excess of iodic acid 
and washed the precipitate with water — the boiling is necessary to prevent the con- 
tamination of the precipitate with barium hydroxide, and the use of other salts 
m place of banum hydroxide mcr eases the risk of contaminating the precipitate 
G. Kassner made the monohydrated iodate by treating potassium femeyamde 
with potassium iodide and banum hydroxide m dilute potash lye 12K 8 FeCy fl 
+2KI+10KOH+Ba(OH) 2 =Ba(IO 8 ) 2 +12K4FeCy 6 +6H 2 O Monohydrated banum 
iodate forms monoclinic crystals 108 with the axial ratios a : b . c=l 151 .1 :1 265 , 
,£=92° 22'. 

The anhydrous lodates are made by dissolving the monohydrated iodate m 
fused sodium nitrate Anhydrous calcium iodate, as indicated above, forms 
triclinio crystals 104 of sp gr 4 591 with axial ratios a , . b c= 0 6331 *1.0 6462 ; 
j8=106° 22 / . Anhydrous strontium iodate forms txiclinic crystals of sp gr. 5 045 
at 15°. The axial ratios are a : b : c= 0 9697 : 1 . 0 5346 ; a=92° 23' , j8=95° 48' , 
and y=93° 37' Anhydrous banum iodate forms monochnic crystals of sp gr 4 998 at 
15° — F W. Clarke gives 5 1853 to 5 2855 — and the axial ratios are a : b : c= 1 0833 , 
1 : 1 2403 j8=94° 6' Monohydrated banum iodate loses its water of crystallization 
at 130° according to N A E Millon, between 180° and 200° according to A. Ditte, 
and on further calcination, it loses iodine and oxygen, forming barium penodate 

The solubility of calcium iodate in water has been determined by J. L Gay 
Lussac, and by C F Rammelsberg The solubility of monohydrated calcium 
iodate calculated as anhydrous Ca(I0 s ) 2 in the sat soln of Ca(I0 3 ) 2 H 2 0, is ■ 


Per cent Ca(IO a ) a 

21° 

. 0*37 

86° 

0 48 

40° 

0 62 

46° 

0 54 

50° 

0 59 

60° 

0 66 

80° 

0 70 

100° 

0*91 

and of hexahydrated calcium iodate, Ca(I0 s ) 2 6H 2 0 

J 




Percent Ca(IO s ) B . 

0° 

. o-io 

10° 

0 17 

18° 

0 25 

30° 

0 42 

40° 

0 61 

50° 

0 89 

64° 

1*04 

60° 

1 36 


The two curves cross at about 32°, and this temp therefore represents the transition 
point of the mono- and hexa-hydrated lodates. Calcium iodate is but very sparingly 
soluble m cone sulphuric acid , and much more easily soluble in nitric acid than in 
water Soln in hydrochloric acid soon decompose It is slightly soluble in cone, 
soln. of potassium iodide Calcium iodate is precipitated when alcohol is added to 
the aq soln E Sonstadt claims that a httle calcium iodate is present in sea water. 
According to J L. Gay Lussac, 106 100 grms of water afc 15° dissolve 0 23 grms 
of hexahydrated strontium iodate, and at 100°, 0*73 grms C F Rammelsberg’s 
values are about 25 per cent, higher The solubility of banum iodate has been 
determined by J L. Gay Lussac, C F Rammelsberg, P. Bremers, and by M. Txautz 
and A Anschutz The last give for the oryohydne or eutectic temp. — 0 046° 
±0 002°, and with monohydrated banum iodate as sobd phase : 

— 0*046° 10° 20° 40° 60° 80° 99 2° 

Per cent Ba (IO a ) t . 0 008 0 014 0 022 0 041 0*074 0 115 0 197 
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W D Harkins and W J Wmmnghoff have measured the effect of various salts on 
the solubility of banum lodate. The b p of the sat soln at 735 mm. is 99 2° 
The soln in cold hydrochloric acid decomposes Barium aodate is slightly soluble 
m warm nitric acid, and, according to W Eidmann, insoluble m acetone 

The chlorates of beryllium, magnesium, zinc, and cadmium —A. Atterberg 103 
did not succeed in making beryllium chlorate except in soln , since the liquid decom- 
posed on evaporation H Traube measured the mol soln vol of beryllium chlorate, 
and found that soln with 1*949, 2 560 3 and 3 310 per cent of Be(C10 3 ) 2 have the 
respective sp gr. 1 01104, 1 01493, and 1 01947 at 15°; and the respective soln vol. 
69 9, 69 3, and 70 2. By evaporating an aq soln. of magnesium chlorate — from 
potassium chlorate and magnesium fluosilicate ( J J. Berzelius) , or banum chlorate 
and magnesium sulphate (A Wachter) — over sulphuric acid, A. Wachter 107 obtained 
crystals of hexahydrated magnesium chlorate, Mg(G10 g ) 2 6H 2 0, which A Meussei 
says melt at 35°, and A Wachter at 40°. The crystals decompose into water, 
oxygen, chlorine, and a residual magnesium oxide, at 120°, and if slowly heated, 
some magnesium chloride as well The crystals dissolve with difficulty in alcohol, 
and, according to W Eidmann, they are soluble in acetone At 35°, the hexa- 
hydrated chlorate passes mto tetrahydrated magnesium chlorate, Mg(C10 8 ) 2 4H 2 0, 
crystallizing in hygroscopic rhombohedra At 65°, the hexa- or tetra-hydrate 
forms dihydrated magnesium chlorate, Mg(C10 8 ) 2 2H 2 0, and the product can be 
dried at 70° on a porous tile over sulphuric acid , at 80°, the dihydrate slowly 
decomposes, foranng a basic salt, and hence anhydrous magnesium chlorate has 
not been prepared A Meusser gives the solubilities at different temp 

—13° 0° 13° 35° 65 5° 68° °3° 

Per cent Mg(C10 a ) s . 61 64 63 27 66 60 63 66 69 12 70 69 73 71 

Solid phase , . . Mg(ClOg') 6H a O ^Mg(C10^.4H a O Mg(C10 3 ) a lH^O ~ 

At —12° ice is the solid phase when the soln. has 26*35 per cent of Mg(C10 3 ) 2 ; 
and at —8°, 22 24 per cent According to F Mylius and R Funk, the sat. soln. 
at —18° has 128 6 grms Mg(C10 3 ) 2 per 100 grms of wateT, or 56 3 per cent Mg(C10 3 ) 2 , 
and this soln has a sp gx 1 594 

Zinc chlorate, Zn(C10 8 ) 2 > was formed by L. N. Vauquelin in 1815 108 by the 
action of chloric acid on zmo carbonate : by O. Henry, by the action of zinc fluo- 
silicate on potassium chlorate ; and by A Wachter by the action of barium chlorate 
on zinc sulphate The aq soln furnishes monoclinic crystals of hexahydrated 
zinc chlorate, Zn(Cl0 8 ) 2 6H 2 0, which melt at 60°, and decompose mto water, 
chlorine, and oxygen at high temp. These crystals pass into tetrahydrated zinc 
chlorate, Zn(C10 s ) 4H 2 0, at 14 5° to 15°, which melts at 55° , after standing some 
days at 65°, A Meusser found that tetrahydrated zinc chlorate passes into dihydrated 
zinc chlorate, Zn(C10s) 2 2H s O. The sp. gr. of the soln of tetrahydrated zmo 
chlorate at 18° is 1 916 The solubility per 100 grms of soln is : 

18 s 0° 8° 15° 18° 30° 40° 65° 

Percent Zn(CXO a ) a . 65 62 69 19 60*20 67 32 66 62 76 6 6 66 06 76 44 

Solid phase . . Zn(C10 8 ) a QH a O Zn(ClO a )i 4H a O Zn(dO B ), 2H b O 

When the solid phase is ice at —13°, the soln has 30*27 per cent of Zn(C10 3 ) 2 , 
and at —9°, 26 54 per cent F Ephraim and A Jahnsen have prepared the ammom 
ates, zinc tetrammino-chlorate, Zn(C10 8 ) 2 4NH 8 , m colourless crystals of sp gT 1 84, 
mol. vol 163 2, with the dissociation press 16 mm at 114° , 32 mm at 140° , 
50 mm at 165° , and 88 mm at 177° A. Jahnsen } s value for the heat of forma- 
tion is 17 5 Cals It explodes at 205° m an open tube and at 289° in a closed 
tube , it also detonates when struck with a hammer On exposing the powder 
to air for about five days, it loses one-fourth of the combined ammonia, and the lost 
ammonia is readily replaced by wateT, forming zinc aquo-triammino-cMorate, 
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Zn(C10 a ) 2 .H 2 0 3NH S Zinc hexammino-chlorate, Zn(Ci0 8 ) 2 6NH S , has a dissocia- 
tion press of 225 mm. at — 15° ; 270 mm at —10° ; 388 mm at —2° ; 427 
mm . at 0°; 550 mm. at 6° ; 690 mm. at 10° ; and 747 mm, at 11°. The heat 
of formation is 9 8 Cals. 

In 1843, A. Wachter made deliquescent prismatic crystals of dihydrated 
cadmium chlorate, Cd(C10s) 2 2H 2 0, which melted at 80°, gave off water, oxygen, 
and chlorine, and left a residual oxychloride A. Meusser says that the solid 
phase between —20° and 65° is dihydrated cadmium chlorate, and that sat. aq 
soln at —20° have 72T8 per cent, of Cd(CIO a ) 2 ; at 0°, 74 95 per cent ; at 18°, has 
76 36 per cent , at 49°, 34 82 per cent ; and at 65°, 82*95 per cent, of Cd(C10 3 ) 2 
F.MyhusandR Funk find that the sat. soln at 18° has asp gr of 2*284 F. Ephraim 
and A Jahnsen obtamed colourless crystals of cadmium hexammino-chlorate, 
Cd(C10 s ) 2 6NH 3 , of sp gr. 1*78, and dissociation press 89 mm. at 69°, 241 mm at 
94°, 530 mm at 116*5°, and 772 mm. at 122°. It explodes in an open tube at 184°, 
and in a closed tube at 300°. It also detonates by percussion. Cadmium 
tetrammino-chlorate, Cd(C10 B ) 2 4NH3, has a dissociation press, of 117 mm , at 
116*5°, and 335 mm at 136°. The beat of formation of the hexammmo-salt is 
14*1 Cals , and of the tetrammmo-salt, 15 4 Cals. 

The bromates ol beryllium, magnesium, zinc, and cadmium. — J C. G. de 
Marignac (1873) 109 tried to make beryllium bromate , but obtamed nothing better than 
indefinite sticky masses. C. Lowig 110 made a soln of magnesium bromate by dissolv- 
ing the oxide or carbonate in bromic acid ; and J Sargbel by the electrolysis of a soln. 
of magnesium bromide The crystals of hexahydrated zinc bromate, Zn(Br0 3 ) 2 6H 2 0, 
said C F. Rammelsberg, are regular octahedra; and, according to M. Trautz 
and P Schorigin, show tribolummesoence The crystals effloresce in air, and melt 
in their own water of crystallization, which is lost at about 200°, and at a bttle 
higher temp , oxygen and bromine are given off and a residue of magnesium oxide 
remains According to 0. F. Rammelsberg, 100 grms of cold water dissolve 
0*714 grms. of the salt. C. F. Rammelsberg made similar crystals of what 
he regarded as tnhydrated zinc diammino-bromate, Zn(BrO s ) 2 2NH S 3H 2 0, or 
rather as NZn 2 .Br0 3 3NH^Br0 3 .6H 2 0 ; and F Ephraim and A. Jahnsen made 
colourless crystals of zinc tetramino-bromate, Zn(BrO s ) 2 4NH 8 , which explodes in 
an open tube at 169°, and in a closed tube at 159° , it also detonates by percussion 
The sp. gr. of the salt is 2*27 ; its moL vob 171*5 ; and its heat of formation 16*1 
Cals. C. F. Rammelsberg made monochnic crystals of monohydrated cadmium 
bromate, Cd(Br0 8 ) 2 H 2 0, with the axial ratios a : b : c=l“095 : 1 : 0 7298, /?— 103° 28'. 
The solubihty m 100 grms. of water is 125 grms H Topsoe has also described 
rhombic crystals of dihydrated cadmium bromate, Cd(Br0 3 ) 2 2H 2 0, of sp gr. 
3*758, and axial ratios a : b : e=l : 0*98845 * 0 7392 C F Rammelsberg also 
prepared what he regarded as cadmium trmmmiiw-br ornate z Cd(Br0 s ) 2 .3NH3, 
but which is probably the cadmium tetrammino-bromate, Cd(Br0 8 ) 4NH 8 , of 
F. Ephraim and A Jahnsen, which exploded in open tubes at 192°, and m closed 
tubes at 193° ; it also detonates by percussion Its sp. gr is 2*53, mol voL 172*4, 
and its beat of formation 16 9 Cals. 

Iodates of beryllium, magnesium, zinc, and cadmium. — J C. G de Mangnac 111 
succeeded only in making indefinite sticky masses when he attempted to prepare 
beryllium iodate . N. A. E Millon u 2 made a soln of the salt in 1843, and when 
evaporated at 40°-50°, it furnishes monoclinio prisms of tetrahydrated magnesium 
iod&te, Zn(I0 3 ) 2 4H 2 0> with a sp. gr., aocordmg to F. W. Clarke, of 3 3 at 13*5° , 
and, according to J. 0. G. de Mangnac, axial ratios a : b : o=l 249 : 1 : 1*268 , 
13=100° 40' The crystals lose most of their water at about 150°, and almost all 
at 180°. Magnesium oxide remains when the lodate is heated in air. The soln. 
in dil sulphuric acid gives a mixture of crystals of iodic acid and magnesium 
sulphate. When a sat. soln of the iodate is cooled to 0° efflorescent rhombic 
plates of decahydrated magnesium iodate, Mg(I0 3 ) 2 .10H 2 0 ) are formed These 
crystals melt at about 50° to a clear liquid. The dihydrate is virtually insoluble 
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in water, and the tetrahydxate and decahydrate, according to A. Ditto, have the 
solubilities : 

0° 20° SO 0 50° 0° 20° 63° 100° 

Per cent Mg(IO a ) a . 3 1 10*2 17 4 67 5 6*8 7-7 12 6 19 8 

Solid phase . . Mg(IO s ) a .10H a O Mg(I0 a ) s .4H 8 0 

The transition point of the tetra- and deca-hydrated iodate is 13* 5 The sat. soln 
at 18° has a sp. gr 1 078, and contains 6 44 per cent of salt Zinc iodate was 
made by A. Connell 113 m 1831, and by 0 F. Rammelsberg and F Mylius and R Funk 
as a crystalline powder, dihydrated zinc iodate, Zn(I0 3 ) 2 2H s O, by the evaporation 
of aq soln The hydrate, according to A. Jahnsen, loses its water at 200°, and tt 
has then a yellowish-brown colour, but no free iodine can be detected m the 
product. The sp gr of the anhydrous iodate is 4 98, and mol vol- 83"4 When 
zmo iodate is heated to a higher temp., it gives off oxygen and iodine, some zinc 
iodide sublimes, and zinc oxide remains as a residue. The solubility of the hydrate 
m 100 grms of water is 0 9 at 15°, and 0 13 at 100°. According to F. Mykus and 
R Funk, there is an easily soluble modification C F Rammelsberg also pre- 
pared an ammino-derivative, 3Zn(I0 3 ) s ,8NH s , and A Ditte and F. Ephraim and 
A. Jahnsen, zinc tetrammino-iodate, Zn(I0 8 ) 4NH S , in white needles, sp gr. 2 82, 
mol. vol 171*4, and dissociation press. 44 mm at 77°, 141 mm at 106*6°; 
356 mm. at 130° The heat of formation is 15 Cals. The mol vol. of each NH a 
in the complex is 22. The compound does not explode in an open tube, but in a 
closed tube it explodes between 210° and 219° A higher ammino-salt has not 
been made. A. Ditte (1890) and C F Rammelsberg (1842) obtained crystals of 
monohydrated cadmium iodate, Cd(I0g) 2 H 2 0. It is easily soluble m water, nitnc 
acid, and ammonia According to A. Jahnsen, the hydrate loses its water, for min g 
the anhydrous salt at 160°, the product is pale brown, but no free iodine can be 
detected; its sp. gr. is 6 43, and mol. vol. 71 3. A. Ditte and C. F Rammelsberg 
obtained evidence of the formation of an ammoniate, and F. Ephraim and 
A Jahnsen made cadmium tetrammino-iodate, Cd(IO s ) 2 4NH S , of sp.gr 3*23, mol. 
vol. 164*2, and dissociation press 381 mm at 91°, 486 mm at 101°, and 709 mm 
at 110°. It explodes like the corresponding zinc compound The heat of 
formation is 13 7 Cals The mol. vol of each N H s in the complex is 17*1. 

Mercury chlorates, bromates, and iodates. — L. N. Vauquehn 114 prepared 
mercurous chlorate, HgC10 s , by the action of chloric acid on mercurous oxide , 
and A. Wachter (1843) and I. Traube (1895) made the same salt m an analogous 
manner. The crystals are white ox greenish-white ; those obtained by the evapora- 
tion of the soln at 80° are white rhombic prisms. According to I. Traube, a 
0 994 peT cent soln at 15° has a sp gr. 1*00802, and the salt has a molecular soln 
volume of 36 9 ; and the 2 791 per cent soln. a sp. gr. 1 02412, and molecular 
soln volume of 36'1 ; the molecular depression of the f p of a 1 016 peT cent soln 
is 34 5. The salt is soluble in water, alcohol, and acetio acid , hydrochloric acid 
precipitates the mercury quantitatively as mercurous chloride It detonates when 
heated to about 250°, giving oxygen and a mixture of mercuric oxide and chloride 
L N Vauquehn also obtained crystals of a basic mercuric chlorate, 2HgO C1 2 0 5 H 2 0, 
that is, Hg(C 103) 2 Hg(0H) 2 , or Hg(C10 3 )OH, by dissolving mercuric oxide m chloric 
acid, and subsequent evaporation of the soln If the soln be evaporated over 
sulphuric acid, bipyramidal rhombic crystals with the axial ratios a b . c 
=0 7974 : 1 * 0 64595 are obtained lsomorphous with the correspon ding bromate. 
The sp gr is 5 15 (H Topsoe) 116 and 4 998 (H G F. Schroder) The crystals deli- 
quesce m air, and redden litmus ; they decompose in contact with wateT, with the 
separation of mercuric oxide and an acid salt , when triturated with sodium chloride, 
red mercuric oxychloride is formed Cono sulphuric acid produces flashes of light 
When heated, this salt decomposes into mercury, mercurous and mercuric chlorides, 
and oxygen. According to J. D Riedel, unlike one per cent soln of mercuric 
chloride, 1 to 2 per cent soln. of this salt give no precipitate with soln. of white of 
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eg g, or blood serum A mixture of this salt with tannin albuminate is sold as 
met gal and used in syphilitic diseases 116 

C Lowig 117 and C E. Rammelsberg prepared mercurous bromate, HgBr0 3> 
as a yellowish-white powder, by treating a soln of mercurous nitrate with bromic 
acid or potassium bromate It crystalbzes from an excess of acid m thm plates 
When treated with hot water, mercurous bromate becomes citron yellow and forms 
basic mercurous bromate, 2Hg 2 0 Br 2 Os, that is, Hg 2 0.2HgBr0 3 ; the acid liquid 
gives on evaporation needle-like crystals of mercuric bromate, Hg(BrO a ) 2 . Mercurous 
bromate is not very soluble in nitric acid , and with hydrochloric acid it forms 
mercuric chloride. The basic salt is also formed as a by-product in the preparation 
of hypobromous acid from bromine water and mercuric bromide Basic mercurous 
bromate becomes grey when exposed to light , it is transformed to normal 
mercurous bromate when treated with a little nitric acid, and it dissolves when 
treated with more acid 

C Lowig obtained mercuric bromate by the action of bromine water on 
mercuric oxide, and after evaporation to dryness extracting the mercuric bromide 
with alcohol. If a neutral soln of mercuric nitrate, as hot as possible, be treated 
w^th potassium bromate, crystals of basic mercuric bromate, 2HgO, Br 2 0 5 H 2 0 — 
that is, Hg(Br0 8 ) 2 Hg(0H) 2 , or Hg(BrO s )OH — are formed, provided the liquid does 
not contain too much free nitric acid , if it does, a double salt with mercuric nitrate 
is formed Again, according to H. Topsoe, if two mol of precipitated mercuric 
oxide be digested for some hours with three mol of bromic acid, and the liquid 
be poured from the unchssolved oxide bipyramidal rhombic plates of basic mercuric 
bromate with axial ratios — a * b • c=0*7997 1 : 0*6278. The sp gr is 5 815 
The crystals axe soluble in dil acids, and slowly decomposed by cold water, forming 
a more basic yellow product , they are completely decomposed by boiling water, 
and the acid or normal salt passes into soln C E. Rammelsberg obtained dlhy- 
irated mercuric bromate, Hg(Br0 3 ) 2 2H z O, as a white powder by evaporating the 
acid liquid obtained by treating yellow mercuno oxide with bromic acid, it is 
obtained in small crystals by cooling the boiling aq soln The solubility of the salt 
m 100 grins of water is 0 154: grm m cold water, and 1 56 grins in boiling water 
It decomposes when heated to 130° or 140°. It is decomposed by hydrochloric 
acid ; soln of alkali iodides turn the salt brown without dissolution It is soluble 
m nitric acid. 

In 1815, L N Vauquelm 118 precipitated mercurous iodate, HgIO s , from a soln. 
of mercurous nitrate by the addition of iodic acid or alkali iodate The precipita- 
tion does not occur if too much free acid is present A. Ditte noted the formation 
of a mixture of mercurous iodide and iodate during the action of aq. iodic acid on 
mercury, an action which proceeds slowly at ordinary temp , but rapidly if heated 
Mercurous iodate volatilizes at 250°, forming mercuno iodide, mercury, and oxygen. 
Mercurous iodate is sparingly soluble in water ; boiling water does not act on the 
salt ; it is soluble in iodic acid , cold nitric acid has no action , hot nitric acid 
gives red vapours, and forms mercuric iodate, HgfICMo ; and hydrochloric acid 
forms mercuric chloride 

0 E Rammelsberg 319 made mercuric iodate, Hg(IO s ), by treating freshly pre- 
cipitated mercuric oxide with an excess of warm iodic acid , red mercuric oxide is 
scarcely affected by this treatment. A Pleischl, and C E. Rammelsberg, said that 
iodio acid and the alkali iodates give no precipitate with mercuno salts, but 
N. A. E Millon, and C A Cameron state this applies only to mercuric chloride, not 
mercunc nitrate, acetate, or oxycyamde, for soln. of these salts furnishes a precipitate 
of mexounc iodate under these conditions : HgO HgCy 2 -(-2HI0 3 =HgCy 2 +H 2 0 
+Hg(I0 8 ) 2 N A E Millon also made the same salt by heatmg a mixture of 
mercuric ohlonde and iodic acid in a metal bath until iodine chlonde begins to be 
evolved The residue is washed with water and alcohol. According to K Kraut, 
when mercuric iodide is boiled with mtnc acid of sp gr 1 5, mercuno iodate is 
formed ; with an acid of sp. gr 1*4, the product is contaminated with a little 
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nitrate , with, an acid of sp gr 13 micaceous crystals of Hgl 2 Hg(H0 3 ) 2 are formed ; 
and with an acid of sp gr. 1 2, a mixture of unaltered iodide and the double com- 
pound is formed C A. Cameron obtained no reaction by heating a mixture of 
potassium chlorate, mercuric iodide, and water m a sealed tube at 170°, but at 
200°, potassium iodide and mercuric chloride was formed Heat converts mercuric 
iodate to iodide with the evolution of oxygen Mei curie lodate is soluble m hydro- 
chloric, hydrobromic, or hydriodic acid with decomposition , it dissolves m soln. 
of the alkali chlorides, bromides, or iodides — in the cold, one mol of the iodate 
dissolves in the presence of four mol of alkali iodide, and with a boiling soln , in 
two mol. It is also soluble m soln of alkali cyanides and thiosulphates and in dil 
soln of zinc or manganous chloride During evaporation of soln in potassium 
chloride, aromomum chloride, or sodium iodide, alkali iodate first separates, then 
follows the mercuric halide with a number of crystalline double salts or mixed 
crystals Mercuric iodate not soluble m soln of ammonia ; alkali, hydroxides, 
iodatea, chlorates, bromates, or Bulphites ; m mercuric chloride ; sodium phosphate ; 
borax , acetic, hydrofluoric, or hydrofluoBilicic acid 

The halogenates of aluminium, scandium, thaUinm, and the rare earths. — 
J J Berzelius obtained what appeared to be aluminium chlorate by treating 
aluminium fiuosilicate with a hot cone soln of potassium chlorate , and E Schlum- 
berger 120 obtained a soln of the chlorate mixed with alom by treating potassium 
chlorate with al uminium sulphate D K Dobroserdoff found that when the soln. 
prepared by the interaction of barium chlorate and aluminumi sulphate is evaporated 
over sulphuric acid, it deposits hygroscopic crystals of enneahydrated aluminium 
chlorate, A1(C10 8 ) 2 9H 2 0, from cold soln., and of hexahydrated aluminium chlorate, 
A1(C10 8 ) 2 6H 2 0, from hot soln. The anhydrous salt has not been obtained on 
account of its ready decomposibility The salt explodes at 100° if slowly heated 
owing to the evolution of chlorine dioxide ; if rapidly heated there is no explosion 
and chlorine is evolved, and a basic perchlorate remains. C F Rammelsbeig 
(1842) 121 attempted to make aluminium bromate by evaporating a soln of aluminium 
hydroxide in bromic acid, but obtained only a sticky mass D K DobroseidoS 
prepared enneahydrated aluminium bromate, Al(Bx0 3 ) 3 .9H ii 0 J as in the case of 
the corresponding chlorate The crystals melt at 62 3°, and cannot be dehydrated 
without decomposition At 100°, a red, hygroscopic mass is formed, probably a 
mixture of bromate, perbromate, and oxide. Aluminium iodate has not been 
examined A Ditte noted that a cone soln of iodic acid slowly dissolves the metal. 

W Crookes 122 found that when an aq soln of chloric acid is sat with scandium 
hydroxide, a clear colourless soln, of scandium chlorate is formed, which is decom- 
posed when evaporated on the water-bath, and chlorine is evolved Needle-hke 
crystals — probably perchlorate — separate when the mother liquid cools, and a 
gummy mass remains which, after standing some time, gives another crop of needle- 
hke crystals When a soln of scandium hydroxide m bromic acid is evaporated 
the scandium bromate decomposes, and an amorphous gummy mass remains. 
W Crookes prepared octodeca-hydrated scandium iodate, Sc(I0 3 )3.18H 2 0, by 
treating a soluble scandium salt with ammonium iodate The white crystalline 
powder is almost insoluble in water but soluble in nitric acid When kept for some 
time in a desiccator it forms pentadeca-hydrated scandium iodate, ScttO a ) 3 15H 2 0 ; 
when dried for several hours in vacuo over sulphurio acid, it forms trideca- 
hydrated scandium iodate, Sc(I0 3 ) 8 13H 2 0 , when heated for some hours at 100°, it 
forms decahydrated scandium iodate, Sc(I0 3 ) 3 10H 2 0 ; and when heated to about 
250°, it loses all its water of crystallization, forming anhydrous scandium iodate, 
Sc(I0 8 ) s 

The rare earths furnish soluble chlorates and bromates, and sparingly soluble 
lodates The chlorates and bromates of the rare earths were prepared by 
C F Rammelsberg and J. C G de Marignao by covering barium bromate with 
water on a water-bath, and gradually adding with constant stirring the neutral rare 
earth sulphate. The banum sulphate is removed by filtration, and the bromate 
vol. n. o * 
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crystallized from the soln The lodates are likewise prepared by double decom- 
position. Erbium and yttrium form respectively octohydrated erbium chlorate, 
Er(C10 3 ) 3 8H 2 0, and octohydrated yttrium chlorate, Yt(C10 8 ) 8 8H 2 0 The latter 
was made by P T Clove 123 and 0 Popp, and forms deliquescent white needle-hke 
crystals The corresponding bromates are enneahydrated erbium bromate, 
Er(BrOg) s 9H 2 0, and enneahydrated yttrium bromate, Yt(Br0 8 ) 8 9H 2 0. Yttrium 
enneaquobromate was prepared by P. T Cleve in needle-like crystals slightly soluble 
in ether, and readily soluble in alcohol According to 0. James and W. T Langlier, 
this salt melts at 74°, and 100 parts of water at 25° dissolve 128 parts of the 
salt. At 100°, trihydrated yttrium bromate, Yt(BrO a ) 3 3H 2 0, is formed 
Ytterbium bromate has also been made. Enneahydrated lanthanum bromate, 
La(Br0 8 )3 9H 2 0, was described by C. F. Rammelsberg, J C. G. de Maiignac, 
and R Hermann It forms hexagonal prisms, which, according to C James 
and W T Langelier, melt at 37*5°, and 416 parts of the hydrated salt dissolve 
in 100 parts of water at 25°. When dried at 100°, this salt forms dihydrated 
l anthanum bromate, La(Br0 3 ) 3 2H 2 0 , the anhydrous salt is formed at 150° ; 
and at higher temp , the salt decomposes JCG.de Mangnac prepared ennea- 
hydrated didymium bromate, Di(BrO s ) s 9H 2 0, in rose-red hexagonal pnsms with 
the axial ratio a : c=l : 0 5731, and, according to A des Cloizeaux, with negative 
double refraction According to C James and W T. Langelier, green hexagonal 
pnsms of enneahydrated praseodymium bromate, Pr(Br0 3 ) 3 9H 2 0,melt about 56 5°, 
and 100 parts of water dissolve 190 parts of the hydrated salt at 25° , it forms 
dihydrated praseodymium bromate, Pr(Br0 3 ) 3 .2H 2 0, at 100°; it becomes 
anhydrous at 130° ; and decomposes at 150°. Pink hexagonal pnsms of 
enneahydrated neodymium bromate, Nd(Bx0 3 ) 3 9H 2 0, melt at about 66 7°, 
and 100 parts of water at 25° dissolve 146 parts of the hydrated salt , it forms 
dihydrated neodymium bromate, Nd(BrO s ) 8 2H 2 0, at 100° , it becomes anhydrous 
at 150° . and decomposes at higher temp , yellow hexagonal pnsms of ennea- 
hydrated samarium bromate, Sm(BrO s ) 3 9H 2 0, molts at 75°, and 100 parts of 
water at 25° dissolve 114 parts of the hydrated salt. This salt forms dihydrated 
samarium bromate, Sm(Bi0 3 ) 3 2H 2 0, at 100° ; the anhydrous salt at 150° , and 
it decomposes at higher temp Enneahydrated cenum bromate, Ce(Bi0 3 ) 8 9H 2 0, 
is crystallized from aq. soln. by concentration in vacuo at 35°, and then cooling. 
The salt melts at 49 , and decomposes at a rather higher temp. Pale yellow 
hexagonal needles of enneahydrated dysprosium bromate, Dy(Br0 3 l 3 9H 2 0, meltmg 
at 78°, were prepared by G. Jantsch and A Ohl , when heated for some time at 
110°, trihydrated dysprosium bromate, Dy(Br0 3 ) 8 .3H 2 0, is formed Pale blmsh- 
green hexagonal pnsms of enneahydrated thulium bromate, Tm(Br0 3 ) 3 9H 2 0, 
have also been made All these salts, M(Br0 3 ) 3 9H 2 0, crystallize m hexagonal 
pnsms, and they are all converted into tetrahydrated salts at 100° , and with the 
exception of praseodymium bromate, are converted mto the anhydrous at 130° — 
praseodymium, bromate decomposes at 130° The order of increasing solubility 
of the bromates is : samarium (europium, gadolinium), terbium, dysprosium, 
holntnum, yttrium, erbium, thulium, and ytterbium. C James utilizes this property 
for the fractional separation of some of these elements. 

Cerous lodates and the lodates of the othei rare earths form crystalline salts 
sparingly soluble in water, hut readily soluble m cone nitnc acid, and m this respect 
differ from the ceno, zirconium, and thorium lodates, which are almost insoluble m 
mtno acid when an excess of a soluble lodate is present It may also be noted that 
cerium alone of all the rare earth elements is oxidized to a higher valence by potas- 
sium bromate m nitric acid soln. The lodates of the rare earths are precipitated 
by adding an alkali lodate to the rare earth salts, and the fact that the rare earth 
iodates are soluble in nitric acid, and the solubility increases as the electro-positive 
character of the element mcr eases, while thorium lodate is insoluble in nitnc acid, 
allows the method to be used for the separation of these elements. Trihydrated 
erbium iodate, Er(I0 3 ) 8 .3H 2 0. and trihydrated yttrium lodate, Yt(I0 8 ) 8 «3H 2 0, 
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were made by P T Cleve as pulverulent precipitates by adding iodic acid to salts 
of the respective elements 100 grins of water dissolve 0 53 grms of yttrium 
lodate; when heated, this salt decomposes explosively. A Cleve precipitated 
hexahydrated ytterbium iodate, Yb(I0 3 ) 3 6H 2 0, as a snow-white powder on 
adding iodic acid to ytterbium acetate It forms ytterbium dihydrated iodate, 
Yb(I0 3 ) 3 2H 2 0, when dried at 100° P T Cleve, and R Hermann described 
trihydrated lanthanum iodate, La(I0 3 ) 3 3H 2 0 — M Holzmann regards it as 
2La(I0 3 ) 3 3H 2 0 — as a white crystalline precipitate but sparingly soluble m cold 
water, and which crystallizes m plates on cooling its soln in boiling water Accord- 
ing to E Rimbach and A Schubert, a litre of soln sat at 25° contains 1*87 grms 
of the anhydrous iodate P T Cleve prepared hexahydrated samarium iodate, 
Sm(I0 3 )3 6H 2 0, as a gelatinous precipitate which becomes anhydrous at 100°. 
The chlorates, bromates, and lodates of gallium and indium have not been closely 
examined 

F 0 Mathers and C G Schluderberg 124 prepared indium iodate, In(I0 8 ) 3 , 
by mixing soln of indium trichloride and potassium iodate The precipitate is 
amorphous. The mixture was evaporated to dryness on a water-bath , the residue 
extracted on a Gooch's crucible with warm water , and dried in vacuo over sulphuric 
acid The mass was dissolved in boiling mtnc acid (1 * 10), and on evaporation 
white crystals of indium iodate were formed 100 grms of water at 20° dissolve 
0 067 grm., and 100 grms, of nitnc acid (1 . 5) at 80° dissolve 0 67 grin, of the 
salt It also dissolves in dil sulphuric or hydrochloric acid The soln m the last- 
named acid decomposes with the liberation of chlorine The crystals decompose 
with the evolution of iodine when heated by a free flame ; and explode if touched 
with a red-hot non wire 

Thallous chlorate, T1C10 S , is formed by dissolving the metal in chloric acid , 
ot by mixing soln of potassium chlorate and thallous nitrate, or, as recommended 
by J Muir, by mixing soln. of barium chlorate and thallous sulphate 125 The needle- 
like crystals, says J W. Retgers, are isomorphous with potassium chlorate — 
isodimorphous, acoordmg to H W. B Roozeboom. The sp gr. is 5 5047 at 9°, 
Like potassium chlorate, it is sparingly soluble in cold water but readily soluble in 
hot water , according to J Muir, 100 grms of water dissolve : 

10*5° 13 8° 18*5° 24*8® 80 0° 47 6° 66 0® 8V5® 

KC10 3 . . 2 83 2*99 3*71 5*04 6 25 10*56 16 52 32 79 grms 

These values are covered by J Muit’b formula, >S=1 99+0 054150+0 OO1390 2 
+0 OOOO360 3 . According to E. Franke, the eq. conductivity when v denotes the 
number of litres of water containing a mol of the salt is 123 6 when v=32 ; 132*1 
when v=256 ; and 135 4 when n=1024 When heated, thallic perchlorate is 
formed Thallotis bromate, T1Bi0 3 , was made by P S Oettmger (1864), 12 « and by 
A Ditte (1890), and hot soln furnish on cooling small, white, needle-like crystals 
which are readily soluble in dil acids. According to W. Bottger, a litre of water 
dissolves 0 009948 mol at 19 94° — i e 0 3463 grms per 100 c c. — and 0*02216 at 
39 75° ; the degree of ionization is between 89 and 90 2 The eq conductivity at 
a dilution, v=128, is 122 9 , heated in a dry tube, it decomposes with a feeble deto- 
nation, forming thallous oxide , at 100°, it is reddened, then blackened, and becomes 
insoluble m water Thallous iodate, T1I0 3 , was prepared by P S Oettmger 127 in 
1864 m needle-like crystals, sparingly soluble in water, and slightly soluble m nitric 
acid According to W Bottger, 100 grms of water at 19 95° dissolve 0 058 grm 
of T1I0 3 , or 0 00152 mol per litre The electrical conductivity for ^=512 is 111 5, 
and for -u==1024, 112 0 According to A Ditte, if the crystals separate from the 
soln below 30°, they are hemihydrated thallous iodate, T1I0 S pi 2 0 C F. Rammels- 
herg also made a basic thallic iodate, Tl a O s 2I 2 0 5 3H 2 0, by the action of iodic acid 
on thallic hydroxide The greyish-brown crystals are decomposed by alkali lye ; 
soluble in hot dil sulphuric acid , lose water at about 190°. 

The halogenates of tin and lead —The chlorates of tm are Ill-defined According 
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to A. Wachter, 128 freshly precipitated stannous hydroxide dissolves in chlorio acid, 
forming a soln of what is possibly stannous chlorate, which, in a few minutes, deton- 
ates and leaves a residue containing free chloric acid, stannic hydroxide, and stannic 
chloride If stannous chloride he tntuTated with half its weight of potassium 
chlorate, the mass becomes hot, and chlorine dioxide is evolved When the yellow 
mass is extracted with hot water, and the soln allowed to crystallize, potassium 
chlorate is obtained Metallic tm, according to W. S Hendrixson, dissolves in 
chloric acid without the evolution of hydrogen, forming a soln, of stannic chlorate, 
A Wachter 129 obtained rhombohedral deliquescent crystals of monohydrated 
lead chlorate, Pb(010s) 2 H 2 Q, from hot soln of chloric acid sat with lead oxide 
W. K Lewis has shown that chloric acid can take up much more lead oxide than 
corresponds with the formation of the normal salt, and on hoilmg the soln, a 
sparingly soluble basic lead chlorate is precipitated To prepare the normal chlorate 
the calculated quantities of acid and oxide are evaporated to dryness, and the 
residue dissolves m very dil chloric acid The salt is precipitated as monohydrated 
lead chlorate, Pb(C10 3 ) 2 H 2 0, by the addition of alcohol According to J C G, 
de Marignac, the monochnic prisms, with the axial ratios a b c =1 1426 . 1 1 1730 ; 
j3=93° T, are lsomoiphous with the corresponding barium salt The salt 
decomposes when heated either gradually or at an explosive speed W H Sodeau 
found that the slow decomposition between 190° and 260° progressed by two side 
reactions . Ph(C103)2 == PbCl 2 ~f"30 2 , and Pb(C103) 2 == Pb0 2 "i“Cl 2 -i“202 , the latter is 
seven times as fast as the former If the chlorine in the last-named reaction is 
not rapidly removed from the system, it reacts with the lead dioxide Pb0 2 +Cl 2 
=PbCl 2 -f-0 2 . The explosive reaction which occurs by quickly heating the chlorate 
to 235° is probably similar, except that an oxychloride is formed in place of the 
dioxide Mixtures of lead chlorate with oxidizing agents are explosive According 
to E Myhus and R Funk, 100 grins of water at 18° dissolve 151 3 grms of the 
salt, and at 25*3°, 254 7 grms ; the sp gr of the sat. soln are respectively 1 947 
and 2 346. A soln of lead chlorate of sp gr 1’164 with 19 13 grms of Pb(C10 3 ) 2 
per 100 grms of water, at 25 3°, dissolves, according to W K Lewis, 95 1 grms of 
NaC10 8 , or 5*94 grms of XCIO3 per 100 grms of water The sum of individual 
solubilities with the potassium salt is 263 grms. per 100 grms of water , the observed 
result is 272 grms This is not sufficient to justify the assumption that any appreci- 
able amount of the double salt is present in the soln W K. LewiB found the 
potential of 0 01-ZV-, 0 05-ZV-, and 0 Sl^-lead chlorate soln. with a lead electrode 
agamst a normal electrode to be respectively —0 463, —0 450, and —0 431 volt at 
25° ; the addition of the eq 0‘05A r -sodium potassium chlorate gives a potential 
respectively of — 0*461 and —0 460 volt 

0 F Rammelsherg 130 obtained monoclmic prisms of monohydrated lead 
bromate, Pb(Br0 3 ) 2 H 2 0, with axial ratios a * b * c=l 1621 : 1 : 1 2092 ; j8=87° 32', 
and of sp gr 1 33 at 15°-18°, and isomorphous with monohydrated strontium 
bromate. The salt decomposes at 180°, forming lead dioxide and bromide, and 
bromine ; at higher temp red lead, bromine, and lead bromide are formed A 
sat soln at 19 94° has 13 4 grms or 0 0289 mol per htre, and the soln is 72 per cent 
ionized D Stromholm reported the formation of basic lead bromate, 
3PbO Pb(BrO s ) 2 2H 2 0, by the action of a mm onium bromate on lead hydroxide ; 
he also reported an analogous basic lead iodate. Normal lead iodate, Pb(I0 3 ) 2l 
was made by 0 F Rammelsberg as a sparingly soluble precipitate by adding an 
alkali iodate or lodio acid to a soln. of lead nitrate. According to W D Harkins 
and "W J Wmnmghoff, water at 25° dissolves 0 0001102 eq , or 0 0307 grm of 
lead iodate per btre F. Kohlrausch calculates the following solubilities, in giam-eq 
per htre, from the specific conductivities * 

9 17° 17 1° 18° 26 77° 

Specific conductivity x 10 6 . . . 3 58 5 67 5 96 9*14 

Solubility X 10* . . . . 4 80 6 21 6 39 8 25 

There is a decrease in the solubility of a sat. soln with time. 
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The halogenates of zirconium, cerium, and thorium. — M. Weibull 131 claimed 
to have obtained needle-like crystals of hexahydrated zirconyl chlorate, 
Zr 0 (C 103)2 6H 2 0, by the double decomposition of barium chlorate and zirconium 
sulphate, Zr(S0 4 ) 23 and the evaporation of the soln over potassium hydroxide. 
E P. Venable and I. W Smithey prepared the salt by treating a soln of zirconium 
perchlorate with potassium chlorate When the soln is cone by evaporation, 
crops of crystals of potassium perchlorate separate out, and finally the yellow 
syrupy mother liquor, smelling of chlorine monoxide, furnishes crystals of zirconium 
chlorate which give on analysis ZrO(OH) 2 3Zr0(C10 s ) 2 The normal salt is not 
obtained because it is hydrolyzed The salt is very deliquescent , very soluble in 
water ; soluble m alcohol , and insoluble m ether The crystals had a yellow tinge 
and they oxidized organic matter The zwconyl hi ornate has not been investigated. 
What is probably zirconyl iodate is precipitated quantitatively from neutral or 
slightly acid soln of a zirconium chloride by the addition of an excess of alkali 
iodate or iodic acid. A white curdy precipitate forms immediately, it redissolves 
on stirring, but with further additions of the precipitant, the precipitate becomes 
permanent It settles quickly, and can be washed by decantation G. A. Barbien 
prepared cenc iodate, CeflOs)!, by heating cerous nitrate iodic acid and cone 
nitric acid The yellow crystalline solid is very sparingly soluble in boilmg nitno 
acid, and is hydrated by water Thorium, zircomum, and cenc 10 dates are not 
very soluble m water, and almost insoluble in nitric acid, provided an excess of 
iodate ionB be present According to E P Venable and I W Smithey, zirconyl 
iodate forms a white powder, insoluble m water, alcohol, and ether , it is decom- 
posed by cone, hydrochloric acid with the evolution of chlonne , and it showed 
signs of decomposition at 100°, and iodine vapours are visible at 125°. Analyses 
of samples prepared under different conditions, and dried at room temp , have a 
variable composition between Zr 3 0 4 (I0 3 )4 and Zr 4 0 7 (I0s)2 The normal salt, 
Zr 0 (I 0 3 ) 2 5 has not been obtained because the salt is so readily hydrolyzed by 
water , it is far more readily hydrolyzed than the chlorate , thorium iodate is 
precipitated like the lodates of cerium and zircomum All three 10 dates decompose 
when calcined, forming Zr0 2 , Ce0 2 , or Th0 2 , as the case might be R J Meyer 
and M Speter have developed a method for the separation of thorium from the 
rare earths and cenum by precipitation as thorium iodate, for the rare earth and 
cerous lodates are soluble in nitric acid , P H M P Brinton and C James like- 
wise separated cerium from the rare-earth gToup by precipitation as ceric iodate ; 
and J T Davis used a similar process for the analogous separation of zirconium. 

The salt enneahydrated cerous bromate, Ce(BrO s ) 8 9H 2 0, was obtained by 
G E Rammelsberg 132 by double decomposition between baruim bromate and 
cerous sulphate. It forms colourless hexagonal prisms which melt at 49°, and 
decompose just above this temp , and this even in aq soln In this respect it 
differs from the rare earths with which it is usually accompanied, and C. James 
suggests that this property can therefore be utilized for purifying the salt, 
Dihydrated cerous iodate, Ce(I0 s ) 3 .2H 2 0, is precipitated when alkali iodate or 
iodic acid is added to cerium salts Like the lodates of the rare earths, cerous 
iodate is soluble m nitric acid , it is sparingly soluble in cold water, and is decom- 
posed by prolonged washing , hence M. Holzmann prefers washing with alcohol. 
Half the water is lost by the hydrated iodate at 110°. 

P T Cleve 188 prepared thorium chlorate by double decomposition of barium 
chlorate and thorium sulphate, followed by evaporation under reduced press The 
resulting soap-like deliquescent mass is very soluble m wateT Thorium bromate 
behaved similarly 

The halogenates of chromium, uranium, and manganese. — The double decom- 
position of chrome alum and barium chlorate, or a soln. of chromic sulphate and 
potassium chlorate, furnishes a violet liquid containing chromium chlorate, 134, which 
becomes green at 65° Even at ordinary temp the soln smells of chlonne ; at 100°, 
chlorine gas is given off and the liquid becomes reddish-yellow — it contams chromic 
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anhvdride and oxvchlonne compounds — it is a vigorous oxidizing agent. C. F, 
Rammelsl*re evaporated the soln of chromium bromate, obtained by treating 
chromium sulphate with barium bromate on a water-bath, and found it decomposed 
in an analogous manner to the corresponding chlorate soln Crystals of chromio 
anhydride separated from the cone soln N »T Berlin 136 obtained a dark blue 
precipitate — chromium lodate — by adding sodium lodate to a soln of chromic 
chloride , and a similar precipitate is formed when ether or alcohol is added to 
soln. of chromium lodate A Berg prepared a complex acid — chroma* oiodic acid — - 
m rubv-red rhombic crystals ’ttliieh are hygroscopic, by the soln of equimolecular 
parts of iodic and chromic acids : HI0 3 .Cr0 3 2H 2 0 3 or 


HO 

O 





According to C F Ra mm elsberg, 130 uramum hydroxide forms a green soln when 
treated with chloric acid which rapidly decomposes when warmed, forming a soln. 
of uxanyl chloride, U0«C1 2 If a soln of uranyl sulphate be treated with barium 
bromate. C. F. Raminelsberg also obtamed a yellow filtrate which decomposed 
on evaporation over cone, sulphuric acid, bromine is evolved, and a solid mass 
when rechssolved leaves a brown powder as residue. The soln. when evaporated 
gives a yellow pulverulent substance, probably uranyl bromide, TJ0 2 Br 2 A. Pleischl 
obtamed a white precipitate on treating a soln of uranyl nitrate with potassium 
iodate, or iodic acid, and, according to A Ditte, (l) if the operation is performed 
with sodium iodate, over 60 3 , in the presence of an excess of nitric acid, the crystals 
which form are anhydrous uxanyl iodate, U02(I0 3 ) 2 , the same salt is formed 
(ii) in the cold by treating uranyl nitrate with iodic acid or an alkali iodate , the pale 
yellow precipitate soon forms yellow rhombic prisms, which decompose at 250°, 
giving off iodine and oxygen The salt formed m the cold (n) is readily soluble m 
nitric or phosphoric acid, and it can be recovered in small crystals by the concentra- 
tion of the soln ; the salt formed at the higher temp (i) is not soluble in these two 
acids Hydrochloric acid decomposes uxanyl iodate with the evolution of chlorine. 
According to C. F. Raminelsberg, the iodate formed by the cold process (n) m dil 
&oin. is hydrated, U0 2 (I0 3 ) 5H 2 0. According to P Artmann, the salt precipitated 
from nitric acid soln. is really monohydrated uranyl iodate, *U0 2 (I0 8 ) H 2 0 , it 
forms rhombic prisms of sp gr. 5*220 (18°) ; 100 c c of water at 18° dissolves 
0*1049 gnn. of the salt. It begins to lose iodine at 265°. The same salt is precipitated 
from boiling soln. in the absence of mtnc acid ; ammonium iodate or iodic acid m the 
cold precipitates the same salt from uranyl nitrate soln Irregular crystal aggregates, 
of sp. gr 5*052 (18°), are formed, and 100 c c. of water at 18° dissolve 0 1214 grm 
of the salt. It begins to lose its water at 253°. By boiling the former with water 
it passes into the latter, and at this temp 100 c c of water dissolve 0 2367 gTm. 
The solubility of the mono-aquo-salt is reduced to 0 0076 grm per 100 c c of solvent 
in the presence of a sat sohi of sodium iodate, and to 0 1154 grm with uxanyl 
nitrate. 

Dihydra ted uranyl iodate, 1102(103)2 2H 2 0, is obtained by using cold dil 
soln in the absence of mtnc acid ; or by adding 100 c c of cone, sodium iodate 
gradually to 30 c c of a cone, soln of uranyl nitrate The precipitate first formed 
redissolves, and later yields crystals or crystal aggregates of a paler yellow than 
the mono-aquo salt. When recrystallized from water it forms mono-aquo-salt of 
sp gr 3 911. The diaquo-salt is soluble m water, for 100 c 0, of water at 18° dissolve 
0 2044 grm A boiling soln of potassium chloride or nitrate decomposes uranyl 
iodate, forming uranyl potassium iodate, U0 2 K(IO s ) a 3H 2 0, uranyl chloride, and 
potassium iodate : 2U0 2 (I0 3 ) 2 +2KCl=EI0 8 +U0 2 CI 2 +U0 2 K(IO a ) s The salt is 
also formed as a sparingly soluble yellow powder by precipitation with an excess 
of potassium iodate An excess of uranyl nitrate converts this salt into uranyl 
iodate The salt is hydrolyzed by water, and 100 c c of a sat. soln of potassium 
iodide dissolves the eq. of 0 02 grm. U0 2 All the water is lost at 175° and the 
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anhydrous salt, KU0 2 (I0 8 ) 3 , is formed, at 110° it forms the mono-aquo-salt, 
KU0 2 (I0 3 )3 H 2 0 P. Artmann regards the potassium salt as being formed by 
replacing water in U0 2 (I03) 2 H 2 G by KI0 3 . He supposes that monohydrated 
uranyl lodate is related to the bi-iodate, MHI 2 0 25 by C W Blomstrand’s foimula : 

KO-'^O^^OH I0 3 -UOg-O^'-O^^OH IOg-UOo-O^^O^^OK 

Potasaium bi-lodate Uranyl mono-aquo-iodate, Uranyl potassium lodate 

UO^IOsk H g O KUO^IO^ 

or the doubled formula, KIO s IO3.UO2 I0 8 I0 8 U0 2 I0 3 XI0 3 

A Wachter 137 found that the colourless soln of manganous chlorate* obtained 
by double decomposition of barium chlorate and manganous sulphate, decomposes 
during its evaporation over cone sulphuric acid when the concentration attains 
a certain value The dal. soln can he boiled, but it is coloured red when treated 
with diL sulphuric acid, and a mixed precipitate of manganese dioxide and sulphate 
is formed by the addition of cono sulphuric acid A Jahnsen treated a cold soln 
of manganese chlorate with ammonia, and added alcohol to the filtrate, the 
yellowish-brown manganese ammino -chlorate rapidly darkened by oxidation 
C F Rammelsberg’a attempt to obtain solid manganous bromate did not 
succeed because of the decomposition of the soln during concentration. A 
soln of manganous iodate, Mn(I0 s ) 2 , is readily formed by the action of iodio 
acid on manganous salts ; and red crystals of the salt are obtained by mixing 
hot soln of an alkali iodate and a manganous salt — e.g. manganous acetate ; 
and by the slow evaporation at 60°-70° of mixed soln of manganous nitrate, 
alkali iodate, and nitric acid According to C. F. Rammelsberg, about half 
a gram of the salt dissolves m 100 grins of water, A. Ditte says the salt is 
insoluble in water and in nitric acid It is decomposed by boiling sulphuric 
acid. On calcination, iodine and oxygen are given off and manganese oxide remains. 
A Berg 138 dissolved manganese dioxide in iodic acid in the presence of manganous 
iodate and obtained a lilac-brown or violet powder — probably the potassium salt 
of a complex mangani-iodic acid, 2KI0 3 Mn(I0 3 ) 4 The ammonium and barium 
salts have also been prepared 

The halogenates of iron, nickel, and cobalt. — The colourless soln. obtained by 
the mutual action of ferrous sulphate and barium chlorate probably contains ferrous 
chlorate, but, as A "W achter 139 has shown, it is very unstable and readily decom- 
poses, giving a brown liquid containing ferric chloride and ferric chlorate. Ferric 
chlorate appears to be formed by the action of chlorine on water with iron oxide 
in suspension According to J Thomsen, the heat of formation is Fe(OH) 3 +3HC10 3 
+aq =Fe(C10 8 )3+-3H 2 0 +32 22 Cals. Octahedral crystals of ferrous bromate are 
obtained by evaporating m vacuo the soln obtained by dissolving ferrous carbonate 
in bromic acid C F Rammelsberg has pointed out that potassium bromate gives 
no precipitate with ferrous chloride, but with ferrous sulphate a reddish-brown 
precipitate of a basic salt is obtamed which dissolves m a large quantity of water, 
and the soln smells of bromine Freshly precipitated feme oxide dissolves in 
bromic acid, forming a soln of ferric bromate, but the syrupy hquid obtamed by 
evaporation in vacuo does not crystallize , warm water dissolves part of the mass, 
leaving a residual basic bromate winch is probably a mixture. 

A. Connell (1802) 140 obtained a white precipitate — ferrous iodate — by boiling 
a soln of iron in iodio acid, and C F. Rammelsberg found that the addition of 
potassium iodate to ferrous sulphate gives a yellowish-white precipitate which is 
decomposed when heated It is sparingly soluble in nitric acid, and it dissolves 
m an excess of ferrous sulphate, and the soln., when heated, precipitates basic 
feme iodate A Ditte mixed boiling soln of a ferric salt and an alkali iodate and 
obtamed a brown precipitate — ferric iodate — insoluble in hot nitno acid diluted 
with its own volume of water Crystals can be obtained by mixing warm dil. 
soln of ferric nitrate, acidified with nitric acid, and sodium iodate. The precipitate 
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red i solves Sis 3.S it forms, but separates anew on evaporation. The salt is not 

altered by exposure to air, and is decomposed when heated If ferrous chloride 
atidihed hith nitric acid be boiled with an alkali lodate, a red precipitate of basic 
lodate, Fe-,0 3 U0 5 , is obtained , with an excess of potassium lodate and iron alum 
a yellow precipitate, Fe 2 0 3 2I 2 0 5 8H 2 0, is formed , this salt turns brown on exposure 
to* air, and gives ofi iodine. C 3?. Rammelsberg has made other basic feme lodates 
which may or may not be chemical individuals 

The liquid obtained by double decomposition between cobalt sulphate and 
barium chlorate furnishes red octahedral cubic crystals of hexahydrated cobalt 
chlorate, Co(C10 3 ) 2 6H0O, on evaporation at ordinary temp , over sulphuric acid mi 
Nickel sulphate under "similar conditions furnishes green crystals of hexahydrated 
nickel Chlorate, Ni(C10 3 ) 2 CH 2 0 ; the two salts aTe very similar in general characters , 
and they appear to be closely related with the hexaquo-salts of magnesium and 
zinc chlorates; all four salts also form tetraquo-salts When the cohalt salt is 
warmed slightly — about 18*5°— it gives tetrahydrated cobalt chlorate, 
Co(C10 s ) 2 4H 2 0, and when dried over phosphorous pentoxide, dihydrated cobalt 
chlorate, Co(Cl0 3 ) 2 2H 2 0. The hexaquo-nickel salt is transformed at about 39° 
into tetrahydrated nickel chlorate, Ni(C10 3 )o 4H 2 0. The nickel Balt is too unstable 
to enable the existence of the dihydrated chlorate to he established Hexahydrated 
cobalt and nickel chlorates melt respectively at 61° and 80°, and lose water, decom- 
posing into chlorine, oxygen, and the metal sesquioxide ; the reaction is very rapid 
at 100°. The compounds are not verv stable, and their stability is less the smaller 
the proportion of combined water. Even in aq soln , at ordinary temp., the salts 
slowly decompose. According to A. Meusser, the solubility of cobalt chlorate, 
expressed in percentage amounts of the anhydrous salt, is : 

— 21 ft 0° 10 5° 18® 21° 35° 61° 

Per cent. Co(C10*}* . 53 30 5 7*45 61*83 64 19 64 39 67 09 76*12 

Solid phase . , Co(C10 s ) s 6H a O Oo(C10 3 ) 2 4H fl O 

With ice as the solid phase, the solubility at — 22° is 37*40 , and at — 12°, 29 97. 
The corresponding data for mekel chlorate are : 

— 18“ 0° 18° 40° 48 5° 56° 79 5° 

Per cent. NilClOa), . 49 55 52 66 56*74 64*47 67 60 68*78 75*50 

Solid phase . Ni(01O 1 ) 1 .6H a O Ni(Q0a)^4H±O 

With ice as the solid phase, the solubility at —13 5° is 31*85, and at — 9°, 26 62 
F. Ephraim and A. Jahnsen prepared tetrammino-cobalt chlorate, Co(C10 s ) 2 .4NHg, 
but found it to be too readily decomposed to determine the vap press curve. If a 
soln. of luteo-cobalt chloride, Co(NH s ) 6 Cl3, be treated with sodium chlorate, a fine 
crystalline powder is precipitated, which, when recrystallized from water, gives 
needle-like crystals of cobaltihexammmo-chlorate, [Co(NH 3 ) 6 ](C10 3 ) 3 H 2 0, very 
soluble in water and dil alcohol. It detonates by percussion If a soln of this 
salt be mixed with luteo cobalt sulphate, [<k>(NH 3 ) 6 ] 2 (S0 4 ) s 5H 2 0, octahedral 
crystals of cobalt hexammino-sulphato- chlorate, [Co(NH 3 ) 6 ](S0 4 )C103, are formed, 
very sparingly soluble in water. F. Ephraim and A. Jahnsen prepared blue needle- 
like crystals of hexamm mo-nickel chlorate, Ni(C10 3 ) 2 6NH S , of sp gr 1*52, and 
melting at 180°. The dissociation press, is 50 mm at 120° ; 75 mm at 140 5° , 
and 140 mm. at 15°. It decomposes explosively in an open tube at 201°, and m a 
closed tube at 240°. The heat of formation is 17 5 Cals. The salt prepared by 
alcohol precipitation is poorer in ammonia, and approximates to nickel a^uo- 
pentammino-chlorate, Ni( 010 s ) 2 H 2 0.5NH 3 . 

G. F Rammelsberg 142 prepared red octahedral (cubic) crystals of hexahydrated 
cobalt bromaie, Co(Br0 3 )2-6H 2 0, with a solubility of 45*5 grins, in 100 grins, of 
water at ordinary temp. Unstable green crystals of hexahydrated nickel bromate, 
Ni(BrO s ) 2 .6H 2 0, are formed in a similar maimer. The crystalline form of these 
two salts resemble those of the corresponding salt of zinc and m agmpjmrm, Alcohol 
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precipitates from the soln of the nickel saltm aqua ammonia, a bluish -green crystalline 
powder of dlamimno nickel bromate,Ni(Br0 3 ) 2 ^NH3 C F Rammelsberg prepared 
what lie regarded as nickel diammino-bromate, Ni(BrO s ) 2 2NH 3 , by adding alcohol 
to an ammomacal soln of mckel bromate. F Ephraim and A Jahnsen prepared 
nickel hexammmobromate, Ni(BrO s ) 2 6NH 3 , of sp gr 1 99 and mol vol. 209 3 
Its heat of formation is 17'1 Cals It detonates m an open tube at 195°~196 Q , and 
in a closed tube at 190 D -193° , it also detonates by percussion 

Cobalt lodate was first prepared in 1838 by C E Rammelsberg, 145 as a violet- 
coloured salt with 1 or molecules of water of crystallization, and which had a 
solubility of 0'68 m 100 parts of cold and 1 11 in 100 parts of boiling water In 
1877, E W. Clarke reported hydrates with two and with six molecules of water of 
crystallization The latter was obtained in long red crystals by the slow evaporation 
of a soln of cobalt carbonate m iodic acid It would be remarkable, Baid he, if this 
salt did not exist, because the normal chlorates, bromates, nitrates, sulphates, etc., 
crystallize with six molecules of water of crystallization Against this, the lodates 
usually do crystallize with less water of crystallization than the chlorates or nitrates, 
and A. Meusser, repeating F W Clarke’s preparation, obtained tetrahydrated co- 
balt lodate, and not the hexahydrated salt. Yet, again, m 1890, A. Ditte reported 
hydrates with 2, 3, 4, and 5 molecules of water of crystallization, but A Meusser 
failed to confirm A. Ditte’s hydrates with three and five moleculeB of water of 
crystallization ; C F R&mmelsb erg’s hydrated salt was probably a mixtuie of the 
anhydrous salt and the hydrate with two molecules of water of crystallization Hence, 
there remain but two hydrates whose existence have been recognized as indubitable. 
A Ditte first prepared bluish- violet needle-like crystals of anhydrous cobalt lodate, 
Co(I0 3 ) 2 ; by evaporating at about 90° a mixed soln of cobalt nitrate and potassium 
chlorate in the presence of an excess of nitric acid , and A. Meusser made it by 
heating fox 2 ox 3 his., at 120° in a sealed tube a mixture of the same two salts 
If a highly cone, soln of the same two salts be boiled a flocculent pale rose-coloured 
hydrated precipitate is formed which soon passes into bluish-violet anhydrous cobalt 
iodate The same salt is formed by the desiccation of the hydrated salts at 165° ; 
and at 200°, it decomposes into iodine, oxygen, and cobalt oxide The percentage 
solubility of the anhydrous salt — per cent of Co(I0 3 ) 2 — is 1 03 at 18° ; 0 85 at. 50° ; 

0 75 at 75° , and 0 69 at 100° Pale lilac- coloured crystals of dihydxated cobalt 
iodate, Co(I0 3 } 2 2H 2 0, are made by evaporatmg at about 30° equimolecuLar pro- 
portions of cobalt nitrate and alkali iodate in ten times their weight of water , the 
tetrahydrated salt also passes mto the dihydrated salt at about 70° (A Ditte) ; 
the transition is rapid at this temp., and much slower at lower temp., 30°. The 
solubility of the dihydrated cobalt iodate — per cent. Co(I0 3 ) 2 — is 0 32 at 0° , 0 45 
at 18° , 052 at 30° ; 0 67 at 50° , 0 84 at 75° , and 1 02 at 100°. Red hexagonal 
plates of tetrahydrated cobalt iodate, Co(I0 3 ) 2 4H 2 Q, were made by A. Ditte 
by mixing cone, boiling soln. of cobalt nitrate and sodium iodate, and cooling, and 
by dissolving freshly precipitated cobalt carbonate m hydriodio acid. A. Meusser 
also obtained these crystals by mixing 5 per cent soln. of hydriodio acid and 
cobalt nitrate m eq proportions between 0° and 20°. The solubility of tetra- 
hydxated cobalt iodate — per cent of anhydrous salt — is 0 54 at 0° , 0*83 at 18° , 

1 03 at 30 ° ; 1*46 at 50° ; 1 86 at 60° ; and 2 17 at 65°. The solubilities of these 
three forms in water are illustrated m Fig 23 In all oases, therefore, cobalt iodate 
is a sparingly soluble salt The determination of the solubilities at temp outside 
the range of stability of particular hydrated salts is possible only when the speed of 
transition from one form to another is sufficiently slow to allow a sat. soln. to be 
formed — e g it was not found possible to prepare a sat. soln, of the anhydrous 
salt below 0° The great difference in the solubilities of these different forms does 
not exclude the possibility of the existence of intermediate hydrates 

C. F. Ram m elsberg also prepared what he thought to be a monohydrated mckel 
iodate analogous with his cobalt salt ; E W Clarke similarly reported a hexahydrated 
nickel iodate, and A. Ditto, green prismatic crystals of trihydrated mckel iodate. 
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A. Meu^ser was unable to prepare any of these salts. He found that Rammelsberg’s 
«jlt was paobdbly a mixture of the dibydrated nickel lodate and the anhydrous 
salt „ and Ditte s salt a mixture of possibly tetrabv drated nickel lodate, with a 
lower livdrated form Small yellow needle-like crystals of the anhydrous nickel 
iodate, Ni(I0 3 ) 2 , are made, as in the case of the corresponding cobalt salt, by heating 
the metal nitrate with iodic acid with 40 per cent nitric acid at about 100° A J ahn- 
sim tnves r*i*7 fox the sp. gr , and 80*6 for the mol vol of anhydrous nickel lodate 
The anhydrous salt passes into the hydrated forms extremely slowly, no appreciable 
hydration being noticed after standing three months m contact with water Its 
solubility, per 100 parts of soln , is 1*13 at 30° , 1 07 at 50° , 1 02 at 75° , and 
0 1188 at W )° Green hexagonal prismatic crystals of tetrahydrated nickel iodate, 
Ni(I0 3 ) 2 .4H 2 0, were formed by evaporating a mixture of sodium iodate and nickel 
nitrate between 0° and 10° Its solubility, per 100 parts of soln , is 0 73 at 0° ; 
1*01 at 18° ; and 1 41 at 30° This salt decomposes at temp approaching 100° 
Two distinct forms of the dihy drated salt were prepared by A Meusser The first 
form, a-dihydrated nickel iodate, Ni(I0 3 ) 2 2H 2 0, is formed when a mixture of nickel 
nitrate and iodic acid is allowed to stand for some days between 25° and 60° ; the 
voluminous precipitate first assumes a crystalhne structure which appears as a 
green crust on the walls of the vessel The solubility, per 100 parts of soln , 0 53 of 
Si(IU 3 ) 2 at 0° , 0 68 at 18° ; 0*86 at 30° , and 0^78 at 50°. The second form, 



Fig 23. — Solubility Curves of the Cobalt Fig, 24 — Solubility Curves of the 
lodates Nickel I o dates 


jS-dihydrated nickel, Ni(I0 3 ) 2 2H 2 0, is less soluble than the a- variety, and is formed 
m green prismatic crystals, when the a-variety is allowed to stand for half an hour 
in contact with water at 50°, It is also obtained directly by keeping the soln 
required for the a-variety between 50° and 70° The solubibty, per 100 grins of 
soln , is 0 52 grm of Ni(I0 8 ) 2 at 8° ; 0 55 at 18° , 0 81 at 50° , 1 03 at 75° , and 
1*12 at 80° The solubility and crystalline form Bharply distinguish the two varieties 
The solubility curves of the different forms of nickel iodate are illustrated in Fig 24 
The solubilities of the lodates of cobalt and nickel is greater the higher the degree 
of hydration of the salt, and the hydrates have a higher solubibty than the anhy dr ous 
salt, and the anhydrous salt has a higher solubility cold than it has hot 

0 F» Rammelsberg prepared what appears to be nickel tetrammino-iodate, 
jNi(I0 3 ) 2 4NH 3t as a pale blue crystalline powder, by the addition of alcohol to a 
soln. of nickel iodate in ammonia ; he also prepared a similar cobalt tetrammino- 
iodate, Co(I0 3 ) 2 4NH 3 F Ephraim and A Jabnsen prepared trihydrated nickel 
pentammmo-iodate, Ni(I 03 )o. 5 jSTH 3 .3H 2 0 , in reddish- violet columnar crystals, and 
from it they obtained pale violet crystals of nickel pentammino-iodate, 
Ni(I0 8 ) 2 .5NH 3t of sp gr, 2 97, and with a dissociation press, of 179 mm at 53° ; 
365 mm. at 65° ; 670 at 77° ; and 905 mm. at 79°. The ammino-iodates do not 
explode when heated in open tubes, but they do so m closed tubes between 210° 
and 219°. The mol. vol. of the pentammino-salt is 166*2, and the mol vol of 
each NH 8 is 17*1 The beat of formation of the pentammine is 12*5 Cals 
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F, Ephraim showed that the vol. of the central metal of A. Werner’s scheme for 
representing the constitution of the ammmo-compounds, is related with the stability 
of the compound, and A Jahnsen gives m illustration the hexammmo-chloiates 
M(C10 8 ) 2 6NHg • 


M 

Ni 

Cu 

Zn 


u. At vol M 

6*59 

7*1 

9*1 

12*9 

T 3 Diss temp at 760° 

477° 

310° 

283 5° 

394 5° 

(uT)* 

14 61 

13 02 

13 73 

17*22 


The value of for the cadmium salt is abnormal. 

Complex salts and acids. — A series of snlphato-iodic acids has been prepared. 
When a soln of iodine m sulphuric acid is heated to 250° or 2 GO 0 for a long time, the 
liquid becomes black, and deposits yellow crystals , the same crystals are formed by 
dissolving iodine in a soln of iodic acid m sulphuric acid 144 These crystals with the 
composition H 2 0 2SOa 2I 2 05 aTe decomposed by water M M P Mmr prepared 
the snlphato-iodic anhydride, I 2 0 2 2SO s , by heating a mixture of iodine pentoxide 
and sulphur trioxide in a sealed tube at 100° , R Weber represents the composition 
of the crystals by I s 0 6 3S0 8 . The supposed 6I a O e S0 3 of H Kammeier is probably 
not a chemical mdividual. Several have noted the formation of a compound, 
KHSO4 KI0 8 , that is, 2^0, 2S0 s 2H 2 0, and the corresponding ammonium salt. 

R. F. Weinland and G Barttlingck 145 have reported potassium, ammonium, 
and rubidium salts of selenatomonoiodic acid, 21^0 J 2 0 s 2SeO s H 2 0 ; and of 
selenatotriiodic acid, 2R 2 0.3l20 5 .2Se0 8 .5H 2 0 , the former were prepared from eq. 
quantities of lodio and selenic acids ; and the latter from lodio acid and a large excess 
of selemc acid R F. Wemland and H Prause have prepared potassium, anunomum, 
and rubidium salts of monotellurato-monoiodic acid, R^O I 2 0 5 TeO s 2H a O ; 
and of di-teUuratQniono-iodic acid, R 2 0 I 2 0 3 2TeO s 6H 2 0 When sodium lodate 
and molybdic acid are boiled with water, slender crystals separate from the soln. , 
the crystals are Bhghtly soluble in water, and soluble m nitric acid , their composition 
corresponds with I 2 05.2Mo0 s Na 2 0.H 2 0 , when the barium salt, obtained similarly, 
is decomposed with sulphuric acid, a soln of molybdato-iodic acid,I 2 0 6 2Mo0 3 2H 2 0, 
is formed, and the solid acid can be obtained by evaporation in vacuo. A long 
series of acid salts, (I 2 0 6 2Mo0 8 ) m 7iM 2 0 pH 2 0, have been reported by P. Chretien 
and C W Blomstrand 149 — here m ranges from I to 5 , n from 1 to 4 , and M 
represents eq atoms of potassium, sodium, ammonium, lithium, barium strontium, 
calcium, magnesium, zinc, cadmium, cobalt, nickel, copper, silver, and manganese. 
A still more complex silver salt, 4I 2 0 6 3MoO a 4Ag 2 0, and a uranium salt, 
4l 2 0 6 3Mo0 8 2(U0) 2 0 3H 2 0, have been made. P Chr&fcien and C. W Blomstrand 
also made potassram and ammonium salts of tungstenatoiodic acids : 
M 2 0 I 2 0 5 2W0 3 7i3. 2 0, and 2M 2 0 l 2 0s 2WO s wll 5 0 A Berg made alkali, ammo- 
mum, magnesium, cohalt, nickel, copper, and silver salts of chromatoiodic add, 

^<0^0 an( j ^ salts of vanadatoiodic acid. Lithium, sodium, 

potassium, and ammonium salts of phosphatoiodic acid, wM 2 0.P 2 0 5 18I 2 0 6 wH 2 0, 
have been reported by G. S S^rullaa, 147 C W. Blomstrand, and P. ChrStien, 
R F Weinland and co-workers have reported potassium, ammonium, sodium, 
rubidium, caesium, pyridine, and benzene saltB of di- and tri- fluor-iodic add m which 
one or moie oxygen atoms are replaced by fluorine — e g the difluoiodate, MI0 2 F 2 ; 
the tnfluoiodate, I0F 3 .5H 2 0, or IF 3 (0H) 2 4H 2 0 ; and the tetrafluoiodate, 
MI0 2 F 2 HI0 2 F 2 2H 2 0 
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§ 14. Perchloric Acid and the Perchlorates 

In a paper* Von den Verbindungen de& CJdonne mit dem Sauer staff (1816), 
F. von Stadion * described the action of snlphiiric acid on potassium chlorate ; he 
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found that gaseous chlorine dioxide was given off, and the potassium salt of a new 
acid, more oxygenated than chloric acid, remained as a solid residue He said : 

A certain quantity of dried and powdered potassium chlorate is mixed in small 
quantities at a tune, with twice its weight of cone sulphuno acid, and allowed to stand for 
24 hrs with frequent agitation The mixture is then waimed on a water- bath until it 
has lost its colour and smell Water is then added to dil the tree sulphuric acid ; the 
solid is separated by* filtration, and washed with small quantities of cold water until it 
has lost its acid taste The residue on the filter is a salt whose weight is equal to 0 28th 
of that of the chlorate employed . . I call the new salt oxygenated potassium chlorate . 
When this salt is mixed with its own weight of sulphuric acid, dil with one-third its weight 
of water, and warmed, the salt is decomposed At a temp of about 140°, water vapour 
at first passes off, and afterwards white vapours which condense m a receiver as a liquid 
acid When no more vapour is given off, I raised the temp , the white vapours again 
appeared, but ns they were accompanied by chlorine. I suspended the operation I call 
the liquid acid in the receiver oxygenated chloric acid , it contains a little hydrochloric and 
sulphuric acids The latter can be separated by the careful addition of baryta water, 
and the former by means of silver oxide 


The monohydiate of perohlonc acid was prepared by Gr. S Serullas 2 in 1831, 
and mistaken for anhydrous perchloric acid until H E Roscoe prepared the latter 
m 1862 A Michael and W T Conn isolated the anhydride of perchloric acid — 
chlorine heptoxide, CI2O7 — in 1900 

It will be observed that potassium hypochlorite is the first product of the action 
of chlorine upon potassium hydroxide, and the hypochlorite is successively con- 
verted into the chlorate or perchlorate, before it is finally all transformed into the 
chloride The hypochlorite, chlorate, and 
perchlorate thus represent intermediate W+/aCl 

ste S“ “ th ® , ' eact A on = 4K0H-f-2Cl 2 . ^t^Ma+jem+maOj 

-AKd+aHaO+Oj G E iLivemg*com- 

pared such xeactiona withabaHroUmg • \3^fiaa.*M,mMa<ala 

slowly down steps Fig 2o. The ball . . ZlZ 

may rest on one of the steps, or, if its Fiq 25 -Graphic Illustration of the Law 
velocity be great enough, it may roll of Successive Reactions, 

down to the ground , so, the mixture 

of chlorine and potassium hydroxide starts with an amount of available energy 
eq to 445 Cals , if the temp be 0°, when the reaction has done work eq 
to 305 Cals , it will stop with the formation of hypochlorite, although it 
can still do work eq to 145 Cals of thermal energy; if the temp, be 100° 
the system will cease to react when all the hypochlorite has been transformed 
into chlorate, although the system can now do work eq to 53 Cals of thermal 
energy The principle here developed is sometimes called "W. Ostwald’s Gesetz 
dcr UmualdungMifen — the law of successive reactions — if a chemical process takes 
place with the formation of a senes of intermediate compounds, that compound 
which involves the smallest expenditure of available energy will be formed first, 
and so on. According to H W B Roozeboom, observations show merely that 
W Ostwald’s law of successive reactions is sometimes applicable 

The effect of manganese dioxide on decomposing potassium chlorate is to mask 
or abbreviate the intermediate stages which occur before the system has assumed 
the final most stable condition Similarly, the different stages in the reaction 
between chlorine and potassium hydroxide can be suppressed by passing tbe chlorine 
mto a warm solution of potassium hydroxide admixed with a Little cobalt salt 
Oxygen is then given off and potassium chloride is formed immediately without any 
signs of the hypochlorite, etc. There axe also several reactions m which the catalytic 
agent accelerates a side reaction at the expense of the mam reaction , and others 
in which the products of the reaction are quite different with and without the 
catalytic agent 

The preparation of perchloric acid and the perchlorates. — Perchlorates are 
produced m a chemical way by the breaking up of a chlorate, and by the direct 
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oxidation of chlorates T. Fairley * repoiled the formation of perch lone acid 
and of its ^alts by the passage of ozonized air into a soln. of hypockloroiifc. acid or of 
a hypochlorite * H0Cl+O 3 =HC104 Hydrogen peroxide oxidizes chlorine to 

hypochlnrous acid : Cl 2 -fH 2 0 2 =2H0Cl. C. W Bennett and E. L Mack also 
found that chlorates are oxidized to perchlorates by exposure to oxygen activated 
by ultra-violet light , by persulphunc acid and by ozone m acid soln J G Fowler 
and J Grant showed that the chlorates aTe oxidized to perchlorates when 
heated with silver oxide The genesis of the perchlorates can be traced hack to 
the fundamental reaction between chlorine and cold alkaline lye . C1 2 +2K0H 
=K0Cl-pKCl-h-H»>0 , for the hypochlorite when wanned changes into chlonde and 
chlorate : 3KOCl==KClG3-t-2KCl , and the chlorate oxidizes itself, so to speak, 
when heated, 4KC10 3 =3KC104+KC1 F von Stadion and N A E, Millon 6 
found that an aq. soba of chlorine dioxide in light also decomposes into chlono 
and perchloric acids, but not in darkness , and A, Popper showed that the perchloric 
acid is formed at the expense of the chloric acid. G S Serullas also noted some 
formation of perchloric acid when chloric acid is distilled ; and JST A E Millon, 
when chlonc acid is allowed to stand some time beside cone suJphunc acid In 
general, the perchlorates are formed when the chlorates are decomposed by electro- 
lysis, by sulphuric acid (F. von Stadion, 1816), by nitno acid (F. Penny, 1841), 
or by heat (G S. Serullas, 1830). A soln. of chloric acid is unstable when its con- 
centration exceeds a certain value ; and W. Oechsli 6 has shown reasons for assuming 
that it breaks up into perchloric and chlorous acids : 2HC10 3 ==HCIO 4 +HC1O 2 ; 
the chlorous aeid, HC1G 2 , reacts with the chloric acid m accord with the reversible 
reaction, HC10 3 H-HC102^H 2 0+2C10 2 . There is a formal analogy between these 
reactions and the way hypocklorous acid breaks up first into chlonc and hydro- 
chloric acids : 3H0Cl=HCi0 3 -f-2HCl, followed by a reversible reaction between 
the hydrochloric and hypochloxous acids : HO C1+HC1^H 2 0 + Cl 2 

The formation of alkali perchlorates by heating the alkali chlorates up to the 
temp at which the molten liquid becomes more viscid, 4KC10 S =3KC10 4 +KC1, 
or 2KC10 3 =KC1+0 2j and afterwards separating the chlonde and perchlorate by 
fractional crystallization, has been discussed — mde oxygen — and D A Kreider 7 
recommended heating sodium chlorate until it had decomposed into the perchlorate ; 
and evaporating the residue with cone, hydrochlonc acid to dryness. The per- 
chlorate was extracted with cone, hydrochlonc acid in which the sodium chloride is 
but sparingly soluble. The liquid is then treated with 97 per cent alcohol in which 
Bodium perchlorate is alone soluble. The clear liquid is cone , and the sodium 
perchlorate separates in a crystalline condition. 

Aq soln. of perchloric acid have been made by the distillation of a mixture of 
potassium chlorate with, say, four times its weight of cone, sulphuric acid ; 8 by 
warming an aq soln. of potassium perchlorate (1 : 7) with a small excess of hydro- 
fluosilicic acid, H 2 SiF 6 , for an hour, and filtering the cooled liquid The addition 
of a little barium perchlorate or chlonde to the dil soln. will remove the slight 
excess of hydrofluosihcic acid. The dear liquid can then be evaporated. 0 Henry 9 
also made an aq soln. of the acid by the decomposition of banum perchlorate with 
sulphuric acid. D, A. Kreider 10 prepared an aq. soln of perchloric acid by treating 
sodium perchlorate with an excess of cone, hydrochloric acid in which sodium 
chlonde is but sparingly soluble: NaC10 4 +HCl=Ha0 4 +NaCl The filtered 
liquid, after heating to 135°, does not contain enough hydrochloric acid to give an 
opalescence with silver nitrate F. C Mathers’ directions are : ° 


, Dr y ® odluin perehlorata, 20 grins , is treated with 25 to 30 c c of cone hydrooblono 
add The sparingly soluble sodium chloride is filtered through an asbestos filter, and 
washed with ten 1 c.c portions of cono hydrochlonc acid The filtrate contains the aq 
perchloric acid, and the excess of hydrochlonc acid, together with the small emountb of the 
sodium salts of these acids which are soluble in cone hydrochlonc acid. The mixed filtrate 
and washings, at 135 , are evaporated on a hot plate to volatilize the hydroohlonc acid • 
the sola of perchloric acid which boils at 205° remains behind. The yield is about 96 per 
cent of the theoretical. About one per cent, of sodium perchlorate is lost m the sodium 
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chloride residues, the other four per cent 13 present m the perchloric acid as sodium per- 
chlorate The process does not work so well with the potassium or barium salt 

F. C. Mathers, and A W Kenney prepared perchloric acid by distilling a mixture 
of potassium perchlorate and sulphuric acid in a current of steam H H. Willard 
oxidized ammonium perchlorate with an excess of a mixture of nitnc and hydrochloric 
acids As a result, a mixture of perchloric, nitric, and hydrochloric acids is formed. 
The latter are expelled by heating the mix ture on a hot plate until white fumes of 
perchloric acid begin to appear. No unoxidized ammonia should be present m 
the soln An acid of a composition approximately HCIO4+2H2O, boiling at 203°, 
remains 

F von Stadion’s preparation (1816) was really an aq soln containing about 
70 per cent, of HCIO4 , G- S Serallas’ preparation (1831) was the crystalline 
monohydrate, HCIO4 H 2 0, which was mistaken for the pure acid until H. E Boscoe 11 
demonstrated that it contained water, and by fractional distillation obtained from 
it a small quantity of what he called pure perchloric acid H E. Boscoe’s direc- 
tions are 

Pure dry potassium perchlorate is distilled m a small retort with four times its weight 
ol oono sulphuric which has been previously boiled Dense white fumes begin to be evolved 
at about 110°, and a colourless yellow liquid, consisting of perchloric acid, distils over. The 
product m the receiver is generally contaminated with a little sulphuric acid earned over 
mechanically. 1E the distillation be continued, the liquid m the receiver giadually changes 
into a white crystalline mass with the composition HC10 4 H t O. ThiB hydrate is formed 
from the water which is produced by the decomposition of a portion of the perohlonc acid 
into a chlorine oxide, oxygen, and water If the crys tallin e hydrate is again heated, it 
decomposes into the pure acid which distils over, and into an aq soln of the acid which 
boils at 203°, and therefore remains behind in the retort 

An aq soln of perchloric acid contains about 70 per cent of HCIO4 — approxi- 
mating to the dihydrate — when it has been evaporated on a hot plate until 
dense white fumes appear. If this acid be distilled at ordinary press , when it 
boils at 203°, about 10 per cent is decomposed Perchloric acid can be heated 
without decomposition under reduced press, much above the temp at which it begins 
to decompose under ordinary atm. press. Perchloric acid bods at 19° under a press, 
of 11 mm , and between 135° and 14=5° when the press is between 50 and 70 mm. 
Consequently, if a mixture of perchloric and sulphuric acids be fractionally distilled 
under reduced press , the perchloric acid volatilizes at a lower temp , and its decom- 
position is largely avoided. A Vorlander and B von Schilling 12 distilled the acid 
between 45 and 50 mm ; A Michael and W. T Conn between 10 and 20 mm. ; 
T. W. Bichards and H. H Willard between 150 and 200 mm., and between 15 
and 20 mm. 

- D YCrlfinder and R von Schilling heated 50 grins, of powdered potassium chlorate 
with between 150 and 175 grms of cone sulphuno acid (96-97 6 per cent H *S0 4 ), in a 300 c.c. 
fractionating flask, immersed m an oil-bath, with the level of the oil below the level of the 
liquid in the flask The contents of the flask are distilled under a press of 50-70 mm , 
at 135° to 145°. An air condenser 75 cm long leads to a glass condenser immersed m a 
freezing mixture of ice and salt In about 1£ to 2 hrs. 22-24 grins of crude anhydrous 
perohlono acid are obtained The gases from the condenser containing the oxides of chlorine 
are passed through a tube containing soda lime , the glass joints are luted with a mixture 
of asbestos and water glass 

The crude perchloric acid so prepared is coloured yellow owing to the presence of 
chlorine dioxide, and contains about one per cent of sulphuric acid and traces of 
hydrochloric acid. D. Yorlander and B von Schilling rectified the acid by aspirating 
air through a capillary tube dipping m the acid contained m a fractionating flask 
heated on a water-bath until the acid lost its yellow tinge The acid is then 
distilled under reduced press. — say at 45°— 65° under a press, of 50-70 mm Sulphuno 
acid with some monohydrated perchlonc acid remains in the flask, and 18-21 grms. 
of colourless acid is obtained T W. Bichards and H H. Willard found that after 
three distillations under a press of about 15-20 mm., 90 per cent of the last distillate 
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was quitp free from sulphuric aud and D pvr cent showed so little that after 
evaporating off all hut 1 c c nothing more than a faint opalescence was obtained 
with barium chloride. A trace of phosphoric acid is usually present in the crude 
acid, but the second distillate is free from this impurity. 

Electrolytic processes for the perchlorates.— F. von Stadion found that if an 
aq &oln of chlorine dioxide be “ included in Volta s circuit, 5 ' at first very little gas 
is developed, but after ^ome hours oxygen and chlorine appear at the anode, and 
hvdrogen at the cathode The volume of hydrogen so obtained is nearly twice 
that of the oxygen After some time the so In is decolorized, and transformed 
into perchloric acid In 1S57, A Biclie 13 prepared perchloric acid by the electro- 
lvsis of hvdrochlonc acid or of an aq soln. of chlorine , and ten years earlier, 
H Kolbe prepared potassium perchlorate by the electrolysis of an aq. soln of 
potassium chloride — acidified with sulphuric acid*— and of potassium tnchloro- 
methvl-sulphonate H Kolbe (184fi), a pioneer m the electrolytic preparation of 
compounds, specially noted that the formation of perchloric acid is always preceded 
by that of chlonc acid, and stated : 

The production of perchloric acid In cm acid *oln 13 certainly a fact worthy of attention, 
for, according to all the observation hitherto made, combination between chlorme and 
oxygen could be effected only in the presence of a free alkaline base ready to unite with 
the newly formed acid. 

IV Oechsli 14 put forward the hypothesis that the chlorates are not oxidized to 
perchlorates by anodic oxygen as represented by the equation : C10 3 '+20H / 
=C10 4l / +Ho0 I but the oxidation is rather a secondary reaction attending the-anodic 
discharge of the chlorate ion 2C103+H 2 0=2HC10 3 +0 The free chloric acid 
is probably present m a very highly cone condition about the anode, and, since m 
this condition it is known to he unstable, it spontaneously decomposes mto per- 
chloric and chlorous acids 2HC10 3 =HCl0 4 -f HC10 2 The free chlorous acid thus 
formed cannot lemam m the soln , for, m contact with the chlonc acid which is 
present, it would immediately evolve chlorine dioxide : HC10 8 +H010 2 =H 2 0 
+2C10 2 ; but no such evolution of chlorme dioxide has been observed, and it is 
hence assumed that the chlorous acid is instantaneously oxidized to chlonc acid by 
the oxygen liberated from the decomposition of water by discharged C10 3 -ions". 
2C10 a -hH 2 0=2HC10 3 +0 5 which reacts with the chlorous acid HC10 2 +0 
=HC10 S The end products of the secondary reaction following the discharge of 
the chlorate ions are therefore : 2GIO3+H2O =HC1G 4 +HC10 S 

To this hypothesis G W. Bennett and E L. Mack reply that there is no direct 
evidence that chloric acid, when sufficiently cone , decomposes with the formation 
of perchloric and chlorous acids. The visible products of the decomposition are 
known to be perchloric acid, chlonne dioxide, chlorme, and oxygen, but the possible 
formation of chlorous acid has not been demonstrated satisfactorily They also 
assume that the chlorate ion is directly oxidized at the anode, and show that the 
general phenomena observed during the perchlorate formation are most easily and 
satisfactorily explained from this view-point The action of the current on electro- 
lytes containing oxygen or hydroxyl 10ns is to liberate active or atomic oxygen 1& 
which, unless depolarized by some substance present m the soln., will be converted 
into ordinary oxygen gas ; 20=0 2 . The rate of this reaction, and consequently also 
the concentration of the active atomic oxygen, is dependent on (1) the nature of the 
anode , (ii) the current density : (in) the temp. , (iv) the nature of the soln ; and 
(v) the elapsed time of electrolysis. In order to oxidize a substance — e g a chlorate 
ion — present in the electrolyte, G. W Bennett and E L. Mack further show that 
the potential of the anode should not rise to that point necessary to brmg about 
the liberation of gaseous oxygen, but only to that point necessary to produce a con- 
centration of active oxygen sufficient to oxidize the chlorate ion, for E. P. Schoch ia 
has shown that in a JiV-soln. of potassium chlorate with an iron anode, the forma- 
tion of perchlorate begins when the anode potential is 0 023 volt, a number well 
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below the discharge potential of chlorate ions With the same system, the evolution 
of oxygen did not commence until the anode potential had reached 1 5 volts. 
Hence it is inferred that the formation of perchlorate is not determined by the 
discharge of chlorate ions, as W. Oechsli supposes, even though m practice the 
potential of the anode during the electrolysis of a chlorate sola is above that 
necessary for the discharge of the chlorate ions The direct oxidation of chloiate 
ions, CIO^ m general, requires a lower potential than the discharge of these ions, 
and will therefore take place Those factors which unfavourably affect the oxida- 
tion process aTe those which lower the concentration of active oxygen at the anode. 
If the unfavourable factors predominate, there will be a greater tendency for oxygen 
gas to be evolved and a drop m the current efficiency with respect to the formation 
of perchlorate, in confirmation of the hypothesis that the eleotrochemical forma- 
tion of perchlorates is a direct oxidation of the chlorates by active atomic oxygen 
on the anode 

0. W Bennett and E. L. Mack have shown that the chlorates are oxidized to 
perchlorates by persulphates and ozone, in acid soln : HG103+0=HC104- The 
self-oxidation of the chlorates to perchlorates 4K010 3 =3KC104+KXJ1, when 
heated to moderate temp , and the direct oxidation oi chlorates by silver oxide 
observed by J G Fowler and J. Grant, 17 is evidence of the oxidation of chlorates 
to perchlorates 

F. Wmteler 18 has studied the conditions favourable for the production of per- 
chlorates, and found that if the concentration of the chloride exceeds 10 per cent , 
very little perchlorate will be formed in warm soln. The anode temp should be 
kept low by artificial cooling, since the yield falls when the temp is raised , and it 
is preferable to have a high concentration of chlorate. In the electrolysis of alkali 
chloride soln., no perchlorate is formed until nearly all the chloride has been con- 
verted to chlorate. The yield is reduced m alkaline soln probably owing to the 
smaller number of chlorate ions and the increasing number of hydroxyl ions liberated 
as the alkalinity is increased — hydroxyl ions are more easily discharged than 
chlorate ions. Increasing the current density counteracts the effect of increasing 
alkalinity 

According to J. G. Williams, the production of perchlorate is improved if a 
higher temp be maintained and acid frequently added ; during electrolysis, for 
each temp , there is an equilibnum between the decomposition of chlono acid at 
the anode with the formation of chlorides In present-day practice, the temp, 
of the electrolysis is initially about 30°, and the current density about 45-50 amps 
per sq dm. The soln. used has about 600-700 grms. per Litre NaC10 a As the 
chlorate content falls below about 100 grms NaC10 s per litre, the resistance of the 
senes of baths increases considerably, and at 50 gnus per litre, the current 
density is about 30 amps per sq. dm and the liquor temp about 45°-50°. Ozone is 
not given off in appreciable quantities until the chlorate concentration is below 10 
grms per litre , as the chlorate content gets below 5 grms. per litre, the smell of 
the ozone is almost overpowering, and, if breathed much, produces pains and 
continuous cough mg. The liquor charged should certainly not be alkaline to 
any appreciable degree, but no advantage is seived by acidifying the liquor. 
Under normal conditions of electrolysis, the average efficiency is 85 per cent or 
more. 

M, Couleru recommends the use of a cone soln. of sodium chromate for the 
successful production of perchlorates The action is similar to that which is obtained 
by a little chromate in the electrolyte during the production of chlorates The 
sodium perchlorate so produced is very soluble and deliquescent, and it is not 
usually worked up, but rather converted into the ammonium or potassium salt by 
the addition of ammonium or potassium chloride It is advisable to ensure that 
all the chlorate has been converted into perchlorate before precipitating the per- 
chlorate, otherwise the perchlorate will be contaminated by the chlorate in solid 
soln. whioh cannot be removed by washing A. Angeli recommends electrolyzing 
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a soln. of calcium chloride, and when all is converted into perchlorate, adding 
ammonium chloride and evaporating to crystallize out the ammonium perchlorate 
The physical properties ot perchloric acid. — Anhydrous perchloric acid is a 
colourless, hygroscopic, volatile, mobile liquid, which fumes in air When the 
anhydrous acid comes in contact with the skin, it produces serious and painful 
wounds. D. Torlander and R. von Sc hi ll i ng say that the 
pure acid decomposes spontaneously in a few weeks even 
m the dark , and that the liquid first darkens in colour, 
and then explodes, while A. Michael and W T. Conn say 
that it does not explode Perchloric acid readily unites 
with water to form needle-like crystals of the monohy- 
drate, which, as indicated above, was mistaken by Gr. S 
Semllas (1831) for the anhydrous acid. The soln of the 
acid m water is much more Btable, for it decomposes 
neither in light nor in darkness if organic matter and 
reducing agents "be excluded. The physical properties 
of perchloric acid have been investigated by H E 
Roscoe, 19 D Vorlander and R von Schilling, and by 
H. 3 van \Y ijk. 

The specific gravity of perchloric acid, and of aq 
soln of this acid, have been determined by H J. van Wijk 
(1903), K. van Emster (1907), H. E. Boscoe (1863), 20 etc H J van Wi]k found 
for the sp gr, at 20° and 50° referred to water at 4° unity, and corrected for 
weighings in vacuo, for perchloric acid, HC10 4 , of the percentage composition . 
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ous Solutions of Per- 
chloric Acid 


Percent HC10 4 . 100 94.67 84 81 75 69 60 38 39 73 

Sp gr. 20° . . 1*7676 1*8069 — 1 7386 1 6353 1 2901 

Sp gr 50° 1 7078 1 7531 1*7756 1*7023 1*5007 1 2049 


There is therefore a maximum in the sp gT. curve with soln. containing 84*8 per 
cent. HC10 4 , or 50 mol per cent corresponding with HCI0 4 H 2 0, as illustrated in 
Pig. 26. K van Emster’s values at 15° also referred to wateT at 4° unity, and 
weighings in vacuo axe given in Table I- The curve showing the relation between 
percentage composition and sp gr has a slight curvature from 1 to 53 per cent of 
HCIO^, and from about 53 per cent HC10 4 , the curve is a straight line 


Table I. — Percentage Composition of Solutions os Perchloric Acid op Specific 
Gravity between 1 00 and 1 67 at 15° 


Sp. gr. 

000 

0 01 

002 

0 03 

004 

0 05 

0 06 

0 07 

0 08 

0 09 




1 DO 

3*01 

5 26 

6*88 

8 48 

10 06 

11 58 


J4 60 

1*1 


17 45 

18*88 

20-26 

21-64 

22*64 

24 30 

25 57 

26 82 

28 05 

1*2 

29*26 

30 45 

31*01 

32 74 

33-85 

34*96 

30 03 


38 10 


1*3 


41 08 

42 03 

42 97 

43*89 

44 81 

; 45 71 

46 01 

47 49 

48 37 

1*4 

49*23 

60 10 

50 91 

61 71 

62-64 

53 31 

5411 

54*89 

55 56 

56*32 

1*5 


57 81 

58 54 

69 28 

60-04 

60 78 

61*52 

02 20 


63 7 4 

1*6 1 

64 50 

65 26 

60*01 

66 76 

67-76 

68 26 

69*02 

69 77 

- 

— 


The coefficient of cubical expansion of anhydrous perchloric acid, HC10 4> is 
O'OOll between 20° and 50° , and K. von Emster calculates the mean coeff of 
expansion a for temp, between 0 and 0 2 for soln with the respective sp gr Di 
and D 2f a^Dr— D 2 )/D 2 (0 2 — 0 a ) * 

Per cent HOG* . II 14 35 63 65 63 69*81 

a between 15°-50° . 0*0004432 0*0006439 0 0007648 0*0007440 

There is therefore a maximum in the coeff. of thermal expansion with approximately 
the 55 per cent. acid. 
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According to H J van Wqk, the boiling point of anhydrous perchloric acid 
under a press of 18 mm. is 16° a and, according to D Yorlander and R von Sc hillin g, 
at 39° under a press of 56 mm. The b.p. of the pure acid does not remain constant 
because there is a partial decomposition of the vapour into the anhydride and 
water : 2 HC 10 4 =C 1 2 07 H-H 2 0 , and the liquid has quite 
a complex composition There is very little decom- 
position, however, when the liquid is distilled at a low 
press , but under ordinary press decomposition begins 
at about 70° — chlorine, chlorine dioxide, and oxygen 
are formed The distillate has an orange tint owing 
to the dissolution of chlorine dioxide Anhydrous 
perchloric acid explodes towards 90° Aq. soln of the 
acid more cone, than 72 4 per cent HC10 4 , or 31 96 
mol per cent become less cone by the loss of HC10 4 
when distilled , and less cono soln become more cone 
by the loss of water The constant boiling acid con- 
tains 72 4 peT cent, of HC10 4 , boils at 203°, and distils 
unchanged m composition. The composition of liquid 
and vapour for soln with 72 4 per cent of HC10 4 is 
illustrated in Table II The results are plotted in 
Fig 27 Mixtures of greater concentration than 72*4 per cent H01O 4 decompose 
more or less when heated — even the acid boiling at 200° shows some decom- 
position ; and such acids mus t be distilled under a reduced press, to reduce 

Table II — Composition - op Liquid and Vapour Phases of Solutions 
op Perchloric Aoed op Deti'erbiit Boiling Points 


Boiling point. 

Per cent of HCIO* 

Liquid 

! Vapour, 

203° 

72*40 

i 72 40 

198 7° 

70 06 

I 40 11 

181 2 ° 

65 20 

6 06 

162 3° 

61*2 

0 90 

148 0° 

56-65 

— 

114 8° 

38*90 
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Gmm molecules per cant? H^O 
Pig 27 — Composition of 

of Solutions of* Perchloric 
Acid of different Boiling 
Points 


decomposition At 18 mm. press., acids of the following percentage composition 
boil at the temp stated * 

Per cent. HCIO* . . 100 94 8 92 0 84-8 79*8 70*6 

Boils (18 mm ) . 16 0° 24 8° 35° 70° 92 a 107° 

The last-named mixture suffers no decomposition when boiled at ordinary temp. 
Although the constant boding 72 4 pei cent acid approximates to the dihydrate, 
HC10 4 2H a 0 (73 63 per cent HCIC^), it is not a compound, smee, H E. Roscoe 
has shown, its composition and b p depend on the presB under whaoh the distilla- 
tion is performed In this respect, the phenomena are analogous with those 
presented by other constant boiling acids 

Anhydrous perchloric acid does not freeze when cooled by solid carbon dioxide, 
but its freezing point is — 112°. The f p curve of mixtures of water and perchloric 
acid was investigated by H J. van Wrjk, and lie found indications of the existence 
of six hydrates of perchloric acid, containing respectively 1, 2, 2-|, 3, and 3£H 2 0— 
the hydrate with 3H 2 0 exists in two different forms The m.p. curve is shown m 
Fig. 28 The eutectic between the monohydrate HC10 4 H a O and the anhydrous 
acid lies virtually at the m p. of the latter, — 112° , in consequence the m.p curve 



378 


INORGANIC AND THEORETICAL CHEMISTRY 


appears to riV up to between 40 5° and Uf, which represents the mp of the 
monohydrate o£ perchloric add* HC10 4 H 2 0 Dunn" fusion theie is a marked 
expansion The sp. gr of the molten hydrate is 1 7756 The heat o£ fusion is 
A‘> 7 taJ*» per mam ; when warmed to llu°, it decomposes and a distillate nch m 
perchloric acid bpuln-* to collect The monolndrate is formed in long needle-like 
cry at ala by mixing ptu chloric acid with the requisite quantity of water , and by 



Gmm mdeedes per cent. 

Fir, 28 — Fusion Curve of Mixtures of Perchloric Acid, HCIO^ and Water. 


the method previously indicated. The fusion curve extends from 0 to 63*5 mol 
per cent of HC10 4 The latter is the eutectic mixture with the eutectic temp. 
— 23*0°, between the mono- and the di-hydrate of perchloric acid, HC10 4 2H s O. 
The curve then rises to a maximum with the mp —17 8°; the curve then falls to a 
branch curve belonging to the hemipentahydrate of perchloric acid, HC10 4 2£H 2 0, 
which rises from the eutectic —30 3° to the maximum —29 8°. The dihydrate 
cuive also extends into a metastable system below —30*3°, to a branch line at 

z-o — 46 5°, which rises to a maximum at — 43 2°, the m p 

I ! of jthis metastable /2-trihydrate of perchloric acid, 

t e /J-HCI 04 3H 2 0« The /3-tnhydxate passes mto a- 

/6 — 1 -V — trihydrate of perchloric acid*, a-HC 10 4 3 H 2 0 a which 

\ melts at — 37 Q . The fusion curve of the a-tahydrate 

cuts the 2J hydrate curve with 75 mol per cent of 

/. 2 — \ H 2 0, and its region of stabihty between that point 

M j anc J 76*3 mol. per cent H 2 0. The a-tnhydrate 

^ ^ 7 fusion CUJve passes into the fusion curve of henu- 

_ * v ™ ' heptahydiate o£ perchloric add, HC 10 3 . 3 £H 2 0 , which 

Fig. 29 — Viscosities of Mix- v.qc a a x aiao mi ,7 j a 

turea of Perchloric Acid . * m :P‘ of 41 . 4 Tlle a-tnhydrate is metastable 

and Water. m the intervening region, and it as well as the 

3 J-hydrate readily forms mixed crystals I when the 
mass has between 75*4 and 82 3 mol. per cent of water There is a eutectic 
at - iT 4 ? 3 Wlt k the 2 J-hydrate, at — 43 8° with the /J-tnhydrate, and at — 37° 
m oo „ “'trikydrate. Mixed crystals II separate from mixtures with from 80 
to 88-7 mol per cent, of water. These crystals have a eutectic at —60° with the 
e-tahydrate ; at -57-2° with the a-tnhydxate, at -52 5° with the 34-hydrate , at 
crystals I ; and at — 57*5° with ice. The latter eutectic corresponds 
With 88 7 mol. per cent, of water. The viscosity of anhydrous perchloric acid is 


o zo eo & m%HzO 
wo do 60 40 & o%HClQ+ 

i'lG. 29 — Viscosities of Mix- 
tures of Perchloric Acid 
and Water. 
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nearly the same as wateT H J van Wrjk’s values for 20° and 50° show that the 
viscosity rises from that of the anhydrous acid 1 03 at 50° to 6*87 with soln. con- 
taining 80 5 per cent. HC10 4 , and then falls to 1 13, the value for water at that 
temp The results are plotted m Eig 29. 

Thermochemistry of the oxychlorine acids. — Perchloric acid is not so powerful 
an oxidizing agent as chloric acid, and this m turn is less vigorous than hypochlorous 
acid This agrees with the stability of the respective acids, and is m accord with 
the fact that a greater amount of available energy per atom of available oxygen is 
associated with hypochlorous acid than with either chloric or perchloric acid Eor 
instance, the thermochemical equations aie represented : 

HOClaq =HClaq +0+93 Cals , or 9 3 Cals per atom of oxygen. 

HC10 aa q.=HClaq +30 + 15 3 Cals , or 5 1 Cals par atom of oxygen. 

HC10 4 aq =HCIaq +40+ 0 7 Cals ; or 0 2 Cals per atom of oxygen. 

Since the bleaching effect of these reagents is supposed to depend upon the action 

of nascent oxygen, it follows that in this case there is no particular need for the 
assumption that atomic oxygen is more active than molecular oxygen, because 
the nascent oxygen is associated with a larger amount of available energy, which 
can do chemical work The available energy of each acid must be added to that 
which free oxygen could give if it alone were performing the same oxidation; 
according to the principle of maximum work, the amount of energy degraded 
during a chemical reaction measures the “ tendency of a reaction to take place ” 
Hence, the greater oxidizing properties of these acids must, at least in part, he due 
to the greater amount of available energy associated with their nascent oxygen 
during decomposition 

The heat of formation of liquid perchloric acid from its elements 21 is H+Cl+40 
=H010 4 uq.+19 1 Cals; H+Cl+40+Aq ^HClO^q +39 35 Cals; HC10 4 uq 
=HCl+40+2*9 Cals , HC10 4aq =^01^ +40+0 7 Cals The heat of solution 
is unusually high When dropped into water, anhydrous perchloric acid combines 
with the water with a hissing noise, and the evolution of much heat, viz. 20 3 Cals , 
and it is therefore as large as that of phosphorus pentoxide The heat of soln. ot the 
mono-hydrate is +7 7 Cals , and of the dihydrate +5 3 Cals ; the heat of neutrali- 
zation is HClO^q +NaOHaq =14 08 Cals , HCl0 4a q +£Ba(0H) 2aq =13 8 Cals 
M Berthelot gives the heat of dil of HCIO 3 + 71 H 2 O with (600 — n) mol of water to be 

n . . 0 143 2 3 '085 5 215 0 28 9 5 96*5 

Cals , 20 3 7 37 6*3 1 23 0 31 0 048 —0 237 —0 025 

and with w=196 5, the heat of dil. is zero ; with HC10 4 H 2 0 crystalline, 7*72 Cals., 
and with HC10 4 H 2 0 liquid, 11 7 Cals W Ostwald gives the heat of formation 
of C10 4 '-ions as —39 Cals The specific heat O of soln. of HC10 4 +nH 2 0 between 
15° and 40°, is, according to M Berthelot, in calones peT gram : 

n . * . 3*085 5 4 9 59 46 35 590 

C . . . 0*601 0 575 0 6705 0*893 0*993 

T. W Richards and A W. Rowe find 0’9466 for the sp. ht. of a soln. HC10 4 
+100H 2 O, and the mol ht , 1801 cals B Kabitz 22 says that perchloric acid gives 
a continuous absorption spectrum from about 29 yx/z- According to W Ostwald, 23 
the molecular conductivity when a mol of HC10 4 is dissolved m v litres of water is, 

v. . . 2 8 3 2 128 266 512 1024 2048 4096 

A . . . 79 1 84 0 88*1 89 2 89*9 89*8 89 8 89 3 87*8 

The maximum value is 89 9 This, says W. Ostwald, corresponds with the fact that 
perchloric acid is one of the strongest of acids, and approaches very near to chloric 
and nitric acids The mobility of the d0 4 , -ions at 18° is, according to E. Kohl- 
rausch, about 64 ; and according to A E. Baux, at 25°, 67*5. 

The properties of perchloric acid. — The aq t spin of perchloric acid are much 
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more stable than the anhydrous acid. A soln. of the acid in chloroform becomes 
yellow when exposed to the air, and forms the monohydrate ; a violent explosion 
occurs if the soln. be poured upon phosphorus pentoxide. The anhydrous acid 
explodes if the attempt be made to distil it at ordinary press. , at 72°, the acid 
darkens in colour, at 92° it gives off white vapours and an orange-yellow gaa — chlorine 
dioxide — and a few drops of a distillate as dark m colour as bromine and conta i ning 
94 77 per cent HC10 4 are formed ; if heated further an explosion occurs Anhydrous 
perchloric acid acts as a powerful oxidizing agent on many substances , for example, 
if a drop be brought m contact with wood charcoal, an explosion almost as violent 
as that of nitrogen chloride occurs. The anhydrous acid also inflames paper and 
wood This acid sometimes explodes when brought in contact with alcohol, at other 
times it forms ethyl ether , it can be mixed with cold absolute alcohol, when it forms 
what A Michael and W T Conn regard as ethyl perchlorate , it is insoluble m carbon 
tetrachloride and benzene , with benzene, it forms a carbonaceous substance Per- 
chloric acid explodes with well-dried ether , ethyl perchlorate is not formed by alcohol 
or by etheT. Anhydrous perchloric acid with iodine forms deliquescent needles of a 
substance with the composition HI 7 0 3 , t e. fflO^flola, which when warmed gives off 
iodine and leaves iodic acid as a residue , 1 he acid inflames with sodium iodide and 
hydriodic acid Unlike soln. of chloric acid, an aq. soln, of perchloric acid is not 
reduced by sulphurous acid, or hydrogen sulphide, nor decomposed by hydrochloric 
or hydriodic acid, indeed, D. Tommasi, and M Berthelot have emphasized how very 
resistant aq soln of this acid aie to reducing agents generally. Free hydrogen 
does not reduce perchloric acid, nor doeB it reduce the fused acid at 300°. It is not 
reduced by zinc and magnesium, nor by a copper zinc couple R Roth says that 
the 20 per cent, acid attacks most metals in the cold with the evolution of hydrogen — 
very little reduction of the acid occurs. Metallic silver is dissolved by the acid as 
silver perchlorate, likewise also behave zinc, iron, nickel, mercury, copper, lead, and 
tin. Arsenic and antimony give the trioxides which dissolve in hot 60-70 per cent 
acid, the former separates out as arsenic trioxide, the latter as antimony perchlorate , 
by boiling the soln arsenic and antimony pentoxides are formed Selenium dissolves 
in the cold, forming selemous acid, while sulphur and phosphoric acid are attacked 
only by boiling with the cone acid. Chromium is not attacked when heated with 
60-70 per cent, perchloric acid Mercuric chloride dissolves in the hot cone, acid, 
and separates out again as the soln. cools. Ammonia is not oxidized by perchloric 
acid in the presence of cone, sulphuric acid H Toussamt 2 * found that nitrous 
acid is not oxidized even when boiled with perchloric acid ; but F, Wmteler decom- 
posed soln. of perchloric acid by fuming nitric acid ; iodine in the cold is oxidized 
to iodic acid. B. Sjollema reduced perchloric acid by boiling with neutral ferrous 
hydroxide, but not with acid ferrous salts ; Y. Rothmund, by tervalent titanium 
salts in acid soln , and by the lower oxides of vanadium or molybden um ; but 
only with extreme slowness by the lower oxides of chromium and tungsten Per- 
chlorates are also reduced by hyposulphites 

Perchloric anhydride, chlorine heptoxide, C1 2 0 7 —A. Michael and W T Conn 26 
isolated this oxide, in 1900, by adding anhydrous perchloric acid very slowly to 
phosphorus pentoxide cooled to — 10°, and after the mixture has stood for a day 
at —10°, distilling the product at 82° The reaction is symbolized . 2HC10 4 +P 2 0 6 
=2HP0 3 -f-G'l 2 0 7 . Chlorine heptoxide condenses to a colourless volatile oil winch 
decomposes spontaneously on standing for a few days, when it acquires a gree nish ** 
yellow colour. The preparation of chlorine heptoxide is dangerous, for, add 
A. Michael and W. T* Conn, “ the apparatus may be virtually pulverized by violent 
explosion, and personal precautions must be taken accordingly.” Perchlono anhy- 
dride is soluble in benzene, which it slowly attacks , it also reacts with io din e- — slowly 
in darkness, rapidly in light — forming what is supposed to be iodine pentoxide, 
> but it does not react with bromine Chlonne heptoxide reacts slowly with 
water, fo rming perchloric acid i it explodes on contact with flame, and by per- 
cussion ; it may be poured on to organic matter — paper, wood, etc. — with imp unit y, 
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for the oil simply volatilizes in aix. P. Walden found that chlorine heptoxide 
dissolves in phosphorus oxychloride, lowering the f p. of the solvent m accord with 
the normal molecular state CI 2 O 7 

The properties of the perchlorates. — Perchloric acid m aq. soln. reddens without 
bleaching blue litmus Perohlorio acid is a strong monobasic acid which forms 
normal salts — perchlorates — of the type MC10 4 ; with lead and bismuth oxides 
it forms what are considered to be basic perchlorates ; but no acid salts are known 
The perchlorates are in general soluble in water, but the alkali perchlorates are 
among the least soluble of the perchlorates, and on this fact is based a method for 
the gravimetric determination of potassium in the presence of sodium Indeed, 
perchloric acid is replacing the use of hydrochloTo-platimc acid for thiB purpose , 
the cost is much less, and the results are satisfactory. Most of the perchlorates are 
deliquescent; those of ammonium, potassium, lead, and mercury are not deliquescent 
K A Hofmann 26 and his co-workers showed that perchloric acid has also a tendency 
to form crystalline compounds with many feeble organic bases — e g. ammonium, 
carbomum, and oxonium salts 

The perchlorates and permanganates are isomorphons, and this points to a 
similarity in the structure of each. The perchlorates require a higher temp, for their 
decomposition than do the chlorates. The products are either oxygen with possibly 
a trace of chlorine and the metal chloride, or the oxide and a mixture of chlorine 
and oxygen gases The perchlorates detonate when pro] ected on to red-hot charcoal , 
when triturated with sulphur and charcoal ; or when melted with reducing agents 
The perchlorates are not decomposed below 100° by sulphuric acid ; by filming 
hydrochloric acid, hot or cold ; and neither acid gives with perchlorates the yellow 
coloration furnished by the chlorates. Towards the b.p., 40 per cent, sulphuric 
acid decomposes perchlorates into oxygen and chlorine. Boiling cone nitric 
acid or fuming nitric acid decomposes potassium perchlorate Perchloric acid, in 
combination, is the most stable of the oxygen acids ; and D. Vitah has shown that 
in soln., the perchlorates are scarcely afi ected by the strongest reducing agents, 
which readily reduce the chlorates. D. Tommasi 27 found that potassium per- 
chlorate soln. are not attacked by zinc ot magnesium in acid ox in cupric sulphate 
soln , but perchlorates are easily reduced by thiosulphates without the evolution 
of hydrogen. J. G- Williams found that the perchlorates are reduced by titanium 
tnchloride 9 while the chlorates are not affected, and based a process for the volu- 
metric determination of perchlorates — in the presence of chlorates or chlorides — 
on this reaction. On the other hand, H. Eccles found that an aq. soln. of 
potassium ohlorate is reduced by the copper-zinc couple, while potassium per- 
chlorate is not. 0. Loew and K. Ajbo found potassium perchlorate is reduced in the 
presenoe of platinum black and glucose. T. Fairley detected no action between 
the perchlorates and hydrogen peroxide. 0. Zenghelis found that potassium per- 
chlorate in aq. soln. is reduced by hydrogen generated m an external vessel and 
passed into the soln through filter-paper or parchment. Several metals are 
attacked by fused perchlorates as by fused chlorates. 

The detection and determination of the perchlorates. — The perchlorates give 
no precipitates with silver nitrate or barium chloride soln. ; cone soln. give a white 
crystalline precipitate with potassium chloride. Unlike all the other oxy-acids of 
chlorine, a soln of indigo is not decolorized by perchloric acid, even after the 
addition of hydrochloric acid ; and they do not give the explosive chlorine dioxide 
when warmed with sulphuric acid ; unlike the chlorates, the perchlorates are not 
reduced by the copper-zinc couple, or sulphur dioxide. Perohlorio acid can be 
titrated with ^iV-alkali, using phenolphthalein as indicator The perchlorates 
can be converted mto chlorides by heat and the ohlorides determined volumetrically 
or gravimetrically ; they can be reduced to chloride by titanous sulphate 28 and 
titration of the excess of titanous sulphate with standard permanganate ; they can 
be fused with zinc chloride and the amount of chlorine liberated can be measured 
in terms of the iodine set free from a soln of potassium iodide ; and they can be 
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heated to 2*n' with Meta phosphoric acid and potassium iodide, and the iodine set 
tree h eq to rii fi hi* >r»tte decomposed 20 

The composition and constitution of perchloric acid. — The composition of 
perchloric a* id was established by F. von Stadion , 30 and verified by J. L Gay 
Lussac by the decomposition of potassium chlorate. 10 03 grams of perchlorio 
acid were dissulved m water and treated with a bmall excess of potassium carbonate. 
The soln was evaporated to dryness with a slmht excess of acetic acid, and washed 
with absolute alcohol to remove the potassium acetate The residual potassium 
per* hlorate tv as dried and weizhed. The potassium perchlorate was ignited to 
drive off the oxygen. The results were . 

Potassium perchlorate . » « .13 S326 grma 

Potassium chloride, KC1 .... 7 4434 ,, 

Oxygen. ...... 6-3892 ,, 


The composition of the residual potassium chloride, by a previous analysis, 
ia known to he KIJl with a mol. wt 74 56 Divide the amount of oxygen by 16, and 
the amount of potassium chloride by 74 56, to get the atomic ratio KOI 0 Thw 
was found to be KCI : 0=1 : 4, corresponding with the empirical foimula KCi0 4 
for the potassium salt, and HC10 4 for the acid. If the acid is monobasic the formula 
must be HC10 4 ; if dibasic, H 2 CloO e , etc. If the acid is dibasic, it would probably 
be possible to prepare an acid salt, KHCloOg. The acid salt has not been made, 
hence the analytical data may be taken as circumstantial evidence that the molecular 
formula of the salt is KC10 4 . Thus, it is possible to estimate the probable mole- 
cular formula of an acid by chemical analysis, and, mutatis mutandis, also of the 
base. By the same argument it has been shown that the formula of hydrofluoric 
acid is probably H 2 F 25 because it behaves as a dibasic acid. If this argument were 
of general application it would be inferred that hyposulphuxous acid is monobasic 
HSOg, because only one series of salts are known ThiB acid is, however, generally 
supposed to be dibasic, Consequently, it must not be supposed that an 

acid must be monobasic because it is known to furnish but one senes of normal, 
and no acid salts, because acids are known which give no acid salts and are un- 
doubtedly dibasic. 

F. M Raoult 31 found that the mol wt. of potassium perchlorate, determined 
by the raising of the b.p of alcohol, agreed with the simple formula KC10 4 ; and a 
similar result was deduced by J. M. Crofts from the effect of sodium chlorate on the 
f p of sodium sulphate. W. Ostwald’g values by the specific conductivity method 
gives A1024— A32— 13'6 for potassium chlorate, consonant with the value for 
monobasic acids The great stability of the perchlorates, as with the chlorates, 
in comparison with the other oxy-acids of chlorine makes the chain formula 
H — 0 — O — 0 — 0 — Cl appear almost irrational, since such a compound would be 
unstable. C, W, Biomstrand’s formula makes chlorine a heptad m chlorine 
heptoxide, C1 2 0 7 , and in perchloric acid, HCIO 4 , 


0=^01— o—ca==o 
\o 

Chlorine heptoxide C^Oy. 


% 

0=|0l— OH 

or 

Perchlorio acid, HC10 4 . 


The same formula makes G S Serullas* hydrate, HCIO 4 H 2 0 , the dihydrate, 
HClO^^HgO , and the trihydrate, HCIO 4 3H 2 0, respectively : 


0 sQB 
X QH 


IConchydrata, HC10 4 .H A O 


H0 \ /° H 

O^CK^-OH 

ho/ \oh 

Dihydrate, HClG^.SELjO 



Trihydrate. HC10 4 .8II a 0. 
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but since no salts are known to correspond with, these assumptions, the hypo- 
theses are not of much value The septivalency of chlorine assumed to explain the 
structure of perchloric acid and of its anhydride, agrees with the univalency of 
chlorine in hypoohlorous acid, 01 OH , the tervalency of chlorine m chlorous acid, 
0=C1 — OH , its quinquevalency in chloric acid, 02=01 — OH ; and its septivalency 
in perchloric acid 82 

The higher the active valency of the halogen oxides the greater their stability. 
Thus, perchloric acid is the most stable of all the oxyacids of chlorine, Similarly 
iodine pentoxide is more stable than the lower oxides of iodine Allied pheno- 
mena occur with many other elements Thus, each atom of chlorine in gold tri- 
chloride is attracted with a greater force than the single chlorine atom in gold 
monochlonde, AuCl, as is illustrated by the heats of formation of the two compounds 
per atom of chlorine — thus J[Au, 01 3 ]=7 6 Gals , [Au, Cl] =5 8 Cals In many 
other cases, the converse is true, and the higher the active valency of an element 
the feebler its attractive power for other atoms Thus, sexivalent chromium in 
chromic trioxnde, Ct 0 3 , and tervalent chromium in chromium sesquioxide, Ci a 0s ; 
the heats of formation of the two compounds per atom of oxygen are respectively 
46 7 Cals and 89*3 Cals The former breaks down at about 190°, and the latter 
does not part with its oxygen at 1600°. 
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§ 15. Perbromic Acid and the Perbromates 

No reaction is known which offers the slightest evidence that bromine or iodine is 
capable of directly replacing chlorine m its oxy- acids : and from a theoretical point of view, 
such a reaction implying as it does the direct substitution, of an element joined to a number 
of oxygen atoms, is exceedingly improbable — A. Michael and W T Conn 

Several attempts have been made to prepare a perbromic acid, HBrO*, analogous 
to perchloric acid, HC10 4 , but all the announcements 1 which have been made 
respecting the preparation of this acid have not withstood the ordeal of adverse 
criticism In 1863, H Kam merer said that perbromic acid can be made by the 
action of dry bromine vapour on the vapour of perchloric acid, provided no chlorous 
acid is present. The claim was denied by E Maclvor m 1876, by G Wolfram m 
1899, and by A. Michael and W. T. Conn in 1901. Bromine is without action on 
perchloric acid, perchloric anhydride, or silver perchlorate, even when the mixture 
is heated in sealed tubes. M. M. P Muir (1874) thought he had made it by shaking 
bromine with an a<p so In. of perchloric acid, but a couple of years later, he showed 
that he had been mistaken. P, W. Robertson (1912) found no signs of the formation 
of a perbrom&te by the action of bromine on potassium perchlorate, or on sodium 
periodate even when the operations were performed in sealed tubes at 100° or 250°. 
Lead peroxide reduces potassium bromate to the bromide, although its presence 
facilitates the conversion of potassium chlorate to perchlorate S. Tana tar (1899) 
also showed that hydrogen peroxide reduces bromic acid to hydrobxomic acid. 
E H Cook also failed to find the slightest trace of perbromate in the products of 
the decomposition of potassium bromate by heat. E. Muller and O. Enedbergex 
(1902) failed to obtain perbromic acid by electrolytic processes which succeeded with 
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the perchlorates and periodates. Neither perbromic acid nor its salts have yet 
found a permanent place in the list of known chemical compounds There is no 
known difference between the valency of bromine and chlorine or iodine which 
accounts for the non-success of the attempts to prepare perbromic aoid or the 
perbromates. Hence, says P W. Robertson : 

It seems probable that within a molecule there are in operation forces of attraction 
and repulsion, dependent on the mass and nature of the component atoms, causing inter- 
moleculai vibrations of greater or less intensity In the case of a molecule such as HBr0 4 , 
the vibiations would be so intense that such a system of atoms would not be capable of 
existence 

The alleged substitution of chlorine by bromine or iodine in the oxy-acids of 
chlorine. — N A. E. Millon 2 showed in 1843 that when iodine is heated with a 
soln of potassium chlorate and a small quantity of nitric acid, potassium lodate 
is formed , and m 1834, A. J. Balard found that, contrary to expectation, hypo- 
chlorous acid will react with bro min e to form bromic acid, because in the mutual 
displacement of chlorine, bromine, and iodine in the haloid salts and acidB, the 
electro-negative tendency of bromine is much less than that of chlorine A J. Balard 
could not oxidize bromine by a oonc soln. of chloric acid, or ohlonne dioxide, 
although H Davy had made iodic acid by heating iodine with chlorine dioxide, 
as well as with chlorine monoxide or hypochlorous acid H. Kammerer’s reports 
of successful substitutions of chlorine by bro min e — eg the formation of bromic 
acid from bromine and chloric acid ; the formation of perbromic acid by the action 
of bromine on the vapour of perchloric acid ; and the formation of periodic acid 
by heating a cone soln of perchlono acid with iodine — lack confirmation. ThiB 
agrees with J. Thomsen’s observation (i) that the heat of formation of aq. bromic 
acid is considerably less than that of aq chloric acid; and (ii) that the direct replace- 
ment of chlorine in chlonc and perchloric acidB by iodine is more probable from a 
thermo chemical point of view than by bromine, for the heat of fonnation of the 
oxy-acids of iodine is considerably greater than the corresponding chlorine acids 
The alleged formation of periodic acid from perchloric acid and iodine, has never 
led to the formation of a higher state of oxidation than iodic acid ; hypochlorous and 
chlonc acids have been used, and these are more vigorous oxidizing agents than 
perchlonc acid Similarly, when iodine and chlorine heptoxide react in the cold, 
iodine pentoxide will be formed as a fuming white powder — provided an explosion 
does not occur during the reaction. The formation of bromic or iodic acid by the 
action of bromine or iodine on chloric acid is more probably an oxidation than a 
substitution process 

Bromine is not acted on by nitric acid, chlorous aoid, potassium permanganate, 
lead or mercury oxides, etc , hot or cold perchlorio acid — even when the mixture 
is exposed to sunlight , nor does bromine react with chlorine heptoxide Conse- 
quently, it is probable that the replacement of chlorine by bromine or iodine in 
several reactions admits of a different interpretation — namely, oxidation. Thus, 
(a) the formation of bromic aoid by the action of aq hypochlorous acid and bromine 
under conditions where chloric acid is without action, is attributed by A Michael 
and W, T. Conn to the tendency of hypochlorous acid to pass into chloric acid through 
the agency of water : H001+2H 2 0=HC10 8 +2H 2 , followed by H 2 +H0C1=HC1 
+H 2 0. The presence of bromine favours the decomposition of water with the 
formation of hydrobromic acid, which reacts with hypochlorous acid, forming bromine 
chloride, which, m the presence of water and chlorine formed by the interaction 
of hydrochloric and hypochlorous acid, is converted mto bromic acid The failure 
of chloric acid to effect the oxidation of bro min e indirectly turns on the fact that 
this acid does not pass into perchloric acid so readily as hypochlorous acid passes 
into chlonc acid. (6) The formation of bromic or iodic acid by the action of bromine 
or iodine on aq potassium chlorate is exp lamed by A. Potilitzm by assuming that 
the reaction between chlorine and sodium biomate ; 5N aBr 0 8 + 3 Cl 2 + 3H 2 0 
vol. n f 2 o 
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^-iSTaCl-MUJiO, HHO-, proceeds more readily than the reaction between 

hrninine and sodium chlorate : oNaClOjj+SRro-j-SHoO—oNaBr+SHClOs+HBrOg 
Neither Teiut.m: proceeds bv direct substitution for the formation of bromic acid 
is due to the r niifciify uf sodium for bromine than for the CKVradiele , this 

causes a decomposition with the intervention of water, and the formation of hypo- 
bromous acid which is oxidized to bromic acid The reaction is thus essentially 
the ^me in character as the formation of sodium bromate from bromine and sodium 
hydroxide 
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§ 16. Periodic Add and the Periodates 

Periodic acid was discovered by F Ammeimuller and Gr Magnus 1 about 1833, 
and described m their paper Ueber eine neue Verbmdung des Jods md Sauerstoff — 
die Ueberjodmn/e Periodic anhydride oi iodine heptoxide , I 2 O 7 , corresponding with 
A. Michael and W. T Conns perchloric anhydride, CI 2 O 7 , has not been definitely 
isolated. M. Bengieseris claim to have made it by heating the hydrate to 160° 
was contradicted by 0. Langlois and C. 3F. Raxronelsberg, who showed that iodine 
pentoxide, I 2 0 5 , not iodine heptoxide, I 2 0 7f is formed under these conditions. 
A. B Lamb's attempt to prepare periodic anhydride by treating periodic acid with 
acetyl chloride, acetic anhydride, or anhydrous perchloric acid proved futile ; and 
the product obtained by A Michael and W. T. Conn by treating chlorine heptoxide 
with iodine, at first thought to be iodine heptoxide, was really lodme pentoxide. 
J Ogjf<r’s mixture of oxides, obtained by the action of electnc sparks on a mixture 
of 10 dine vapour and oxygen, is said to contain iodine heptoxide, but this has not 
been established. 

The nomenclature of the periodic acid and the periodates. — The periodates 
form a complex series of salts 2 most of which can be regarded as derivatives of 
acids genetically related with the hypothetical periodic anhydnde, that is iodine 
hejptozule, I 2 O 7 , by replacing the oxygen atoms, one by one, with ecp hydroxyl 
groups, as illustrated in Table III. When one anhydride forms a senes of acids 
by union with different amounts of water, the acid containing most water is called 
the ortho-acid — from the Greek option, regular; the other acids have prefixes, 
making para-acid — from the Greek -rapd, beside ; meso-acid — from the Greek /ictros, 
middle, intermediate ; and meta-acid — from the Greek fxerd , beyond, less than the 
highest. The di-acids are supposed to he formed by the abstraction of one molecule 
of water from two molecules of acid What is here called para-periodic acid is often 
regarded as ortho-periodic acid, on the assumption that the periodic acids have a 
quinquevalent nucleus or 10-group, thus making I0(0H ) 6 orthoperiodic acid ; 
ICLtOHJs, meso-periodic acid; and I0 3 (0H), meta-periodic acid The last two 
terms correspond with those indicated in Table HI. 

It will be evident that if the acids are polybasic, we can imagine available 
hydrogen atoms replaced one by one. If all the available hydrogen atoms are 
replaced by bases, the normal salt is obtained ; if only one of the available hydrogen 
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atoms is replaced, toe primary salt ; if two, the secondary salt ; if three, the tertiary 
salt ; if four, the quaternary salt ; if five, the quinqinary salt ; etc. Por example, 

Table HI — The Periodic Acids 


with 

Compounds formed. 

Empmcal 
formula 
of acid. 

Name of acid. 

Salts. 

7H t O 

Ii(OH) tt ; or2I(OH), 

h,io 7 

Ortho-penodic acid 

No salts known. 

6H,0 

I.O(OH) lf 

H It I a 0 13 

Diortho -periodic acid 

Salta have been re- 
ported ; probably 
mixtures 

5H*0 

I»O,(OH) 10 ; or 2IO(OH) s 

h 5 io. 

Para-penodic acid 

■AgfilOeJ Ag 2 H 3 IO fl , 
etc 

4H,0 

1,0, (OH), 


Dipara-periodio acid 

Salts have been re 
ported ; probably 
mixtures 

3H a O 

I,0 4 (0H), ; or 210,(011), 

H a IO B 

Meso-periodic acid 

Ag 8 I0 6 , Pb 3 (I0 5 ) 3 ; 
_ etc 

2H 2 0 

I,0 5 (0H) t 

h 4 i*o 8 

Dimeso -periodic acid 

K 4 I a O # 

ih b o 

I,0,(0H), ; or 2IQ.OH 

hio 4 

Mcta-penodic acid 

KIQ t $ AgI0 4 ; eto 


if M be used to represent a univalent atom or radicle, the various salts of para- 
periodic acid H5IO2 would be represented : 


Normal 

Primary 

Secondary 

Tertiary 

Quaternary 

I0(0M) 5 

I0(0M)(0H) 4 

IO(OM) 2 (OH) 3 

I0(0M) a (0H) 3 

IO(OM) 4 (OH) 

m 5 io 9 

MH^IOq 

MoHglOg 

M 3 H 2 I0 fl 

MiHIOg 


The preparation of periodic acid and the periodates. — The most general and 
important method of preparing periodic acid depends on the oxidation of xodates 
in alkaline soln. by means of chlorine . NalOg+SNaOH+Clg^hTagHsIOQ+SNaCl. 
This method was used by F. Ammermuller and G. Magnus, 8 the discoverers of this 
acid, and 0 W. KunmiTifl has shown that if the soln is sat. in the cold, sparingly 
soluble secondary sodium parapenodate, Na 2 H 8 I0 6 , is formed, but if the mixture 
is boiling, tertiary sodium paraperiodate, NagHglO^, is formed ; and at intermediate 
temp mixtures of these two salts are obtained According to J Philipp, if potassium 
hydroxide and lodate are used, potassium chlorate, and potassium meta-periodate, 
KI0 4 , are produced* KI0 S +2E0H+C1 2 =KI0 4 +2KC1+H 2 0 If the mole- 
cular ratio of KOH to KI0 8 in the soln. be 3 : 1, not quite two-thirds of the quan 
titles represented by this equation are obtained, if the molecular ratio be 2:1, 
less than half these quantities are produced ; while if chlorine acts on potassium 
iodate alone, only a small quantity of periodate is formed. If potassium iodate 
soln. is evaporated, G. Magnus and F. Ammermuller say the product is E 4 T £ Q 0j 
while 0. W Kunmins makes it E 8 TTT S Q 0 

A brisk current of chlorine is led mto a boding 1 0 per cent soln of alkali lye containing 
the eq. of 60 grins of sodium hydroxide, and m which 12 7 gnns of finely powdered iodine 
acre suspended , when the precipitate which is suddenly formed begins to cause bumping, the 
Aft™** is removed, and the current of chlorine continued until no more white precipitate of 
N&jH 8 I0 0 is formed While the liquid is still warm, the precipitate is collected on a Buchner’s 
funnel, and thoroughly washed with cold water, and dried in a steam-bath An 80, per cent 
yield or 22 grins of the salt are obtained. The sodium salt is converted mto silver penodate 
by suspending it m a boiling dil. soln. containing the ea of 3 mol of silver nitrate, the 
liquid is boiled, filtered hot, and the black precipitate of silver iodate, Ag 3 IO E , washed with 
water The filtrate contains some nitnc acid, and some silver periodate, Ag a H a IO e The 
silver iodate can be recovered from the filtrate by evaporation to a small volume, and, on 
cooling, golden-yellow crystals of Ag a H a IO a separate out. EL L Wells « now obtains the 
acid by suspending the moist silver iodate in a little water, and leading m chlorine gas, 
with agitation, until the precipitate is almost white The silver chloride can then be removed 
by filtration The filtrate when cone first on a water-bath, and then over cone, sulphuric 
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acid, gives a crop of crystals of periodic acid According to H. Kammerer, bromine acts 
better than chlorine, because if any bromic acid is formed, it is completely decomposed by 
evaporation without leaving any residue 

The oxidation of iodate to periodate can also be effected by adding an excess 
of hypochlorite instead of chlorine. 3 C. F Rammelsberg 6 made the periodates 
by the calcination of the lodates of the alkaline earths : 5Ba(I0 3 ) 2 =Ba 5 (I0 Q ) 2 
-HI 2 -K)Q 2 , but E. H. Cook obtained no periodate during the calcination of the 
alkali lodates. 0 F. Rammelsberg also oxidized barium iodide by heating a 
mixture of it with barium peroxide : BaI 2 +8Ba02=Ba 5 (I0e)2+4:Ba0 , iodine 
may be used in place of the iodide : 21 2 +GBaO2===Bag(IO0)2+BaI 2 C Rammels- 
berg assumed that the periodate is not formed during the ignition but afterwards, 
when the mass is treated with water. When an intimate mixture of sodium peroxide 
and iodine is touched with the tip of a red-hot wire, the whole mass becomes incan- 
descent, and a mixture of sparingly soluble periodate and soluble sodium iodate is 
formed. The latter with the uncombined iodme are leached out by water. Barium 
calcium or strontium parapenodate is also made by heating the corresponding 
iodate alone ; 5Ba(I0 3 )2=Ba 5 (I0 6 )2+4l2+90 2 . C F Rammelsberg also obtained 
barium iodate by heating barium iodide in a stream of air up to the pomt at which 
it begins to develop iodine vapour: 5Bal2+60o=Ba 5 (I0 6 ) 2 +4l 2 0 F. Gross 

and S. Seguira found that the periodates are also made by heating carbonates or 
oxides in a stream of iodme vapour, but, according to J 0. G de Mangnac, not by 
the action of oxygen on heated lodates. Similarly, M. Hohnel obtained sparingly 
soluble sodium peiiodate, Na 2 H 3 I0 6 , by the action of sodium peroxide upon iodine 
suspended in water According to E H Riesenf eld and F Beneker, ozone is without 
action on acid or neutral soln. of potassium iodate, but alkaline soln are oxidized 
to periodates Ozone is without action on periodates According to E P6chard, 
ozone converts potassium iodide into the periodate, which then reacts with the 
excess of potassium iodide, forming the iodate. According to Y. Augur, the idea 
that ozone acting upon a soln. of potassium iodide forms penodate has arisen from 
the idea that iodine is liberated from a mixture of potassium iodide and periodate 
but not from a mixture of the iodide and iodate, whereas iodine is liberated by carbon 
dioxide from the last-named mixture unless a large excess of sodium bicarbonate is 
present. The test for the periodate is therefore vitiated unless precautions be 
taken to exclude carbon dioxide. J. Philipp oxidized iodine tnchlonde in boiling 
water containing an excess of finely-divided silver oxide in suspension, and E Preuss 
oxidized iodine by adding it to molten silver nitrate 

H. Ka mm eier 7 believed that iodine and chlorine exchanged places when an 
aq. soln. of perchloric acid is heated with iodine * 2HC10 4 +I 2 +4H 2 0=2H5l06 
+C1 2 . The chlorine may be expelled by warming the liquid m a water-bath The 
action proceeds more rapidly the more cone, the perchloric acid : A Michael and 
W. T. Conn could get no periodic acid by the process indicated by H K amme rer, 
and it is believed that the reaction really involves an oxidation of the iodine by the 
perchloric acid. As is generally the case with acids and their salts, many periodates 
are obtained by the direct action of periodic acid on the hydroxides or carbonates 
of the metals, and by the treatment of soln. of the alkali periodates with salts of the 
metals which give sparingly soluble periodates — eg. silver, barium, lead, copper, 
cadmium, mercury, nickel, iron, etc Similarly, a soln of the acid is obtained by 
the action of sulphuric acid on barium periodate (F. Selmons), 8 or lead penodate 
(M. Bengieser) ; or of chlorine or bromine on silver metaperiodate. AelCb 
(H. Kammerer). 63 4 


The sparingly soluble secondary sodium parapenodate, Na a HJO a , readily dissolves m 
Ammennuller and G. Magnus added silver nitrate to the cold soln. 
and obtained an orange-yellow precipitate of secondary stiver parapenodate, AgJBC.IQ.. 
The precipitate was dissolved m hot dil nitno acid and eonc. on a water-bath where Sranve- 

were precipitated. 2Ag 1 H s IO B +2HNO s 
■=2AgIO 4 -h2AgN0,-J-2H J 0. The crystals were collected and when treated with cold 
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trater parapenodic acid, H 5 I0 4 , and secondary silver paraperiodate, AgjHglOc were formed 
m accord with the equation: 2AgIO 4 -{-4H 2 O~H B IO e 4'Ag a H 3 I0ft. The periodic acid 
crystallizes from the dear liquid after it has been eonc. on the water-bath, and evaporated 
over sulphuric acid in vacuo 

C. W. Kimmins* 9 study of the periodates of silver has shown that the composi- 
tion of the precipitate depends upon the concentration of the nitric acid in which 
the sodium periodate is dissolved when the silver nitrate is added If the amount 
of nitric acid be just sufficient to effect the dissolution of the sodium salt, a dark 
brown precipitate of secondary silver me 3010 date, Ag 2 HI03 3 is formed, if but a 
slight excess of nitric acid is used dark-red secondary silver paraperiodate is formed, 
Ag 2 H 8 IOe ; if a further excess of nitric acid is used, slate-coloured tertiary silver 
paraperiodate, Ag3H 2 I0 6 , is formed ; and if cone nitnc acid be used in excess, 
monohydrated silver metaperiodate, AgI0 4 H 2 0, is formed m orange crystals. 

Periodic acid and the periodates are formed by the electrolysis of soln of iodic 
acid on the lodates or iodides, 10 but if the electrolysis be conducted in a cell with- 
out a diaphragm, no hydrogen is evolved because it is all used m reducing the lodate, 
and after the electrolysis has proceeded for some time, the evolution of oxygen also 
ceases. Any further electrolysis does not alter the ratio of the iodide to iodate , for 
as fast as iodate is formed on the anode it is reduced on the cathode. Neutral soln. 
of iodates are not oxidized to periodates, and m alkaline soln the presence of potas- 
sium. chromate does not prevent the cathode reduction of iodate to iodide. E. Muller 
electrolysed a 50 per cent, soln of iodic acid confined as anode liquid either in a 
porous cell, or by means of an earthenware diaphragm. A 2#-II 2 S0 4 soln. was 
used as cathode liquid The cathode was a piece of platinum foil, the anode is 
either made of platinum or a lead tube coated with lead peroxide. A current 
density of 0 8 amp. per sq, dm , and 1 to 3 volts at a temp of 8°-9°. Iodates in 
soln. rendered alkaline with 4 per cent, of sodium hydroxide can also be used as 
anode liquid A 25 per cent, yield is then obtained The electrolysis of an alkaline 
soln. of potassium iodate gives a precipitate of potassium periodate, KI0 4 ; 
sodium iodate, a precipitate of Na 2 H 3 IOa- A low current density and low temp, 
increase the yield. The yield is also augmented to some extent by the use of 
chromates. 

The properties of periodic acid and the periodates. — According to 0 E Rammels- 
berg, 11 parapenodic acid, H5IO0, % e IO(OH) 6 , separates from its aq. soln as deli- 
quescent colourless prisms which resemble gypsum, and are probably monoclinio 
The crystals melt according to M Bengieser at 130° , according to A. Rosenheim 
and E. Lowenthal, between 129° and 130° ; and according to C Langlois, at 
134° ±4 5°. E. Lowenthal says that the acid begins to decompose between 121° 
and 122°, and that the m.p. is somewhat obscured in consequence According to 
C F. Rammelsberg, the molten acid begins to decompose between 133° and 138°, 
and at 138°-140° decomposition is complete ; the products are water, ozonized 
oxygen, and iodine pentoxide. M. Bengieser thought that at 160° the molten acid 
forms periodic anhydride, I s 0 7 , which passes into iodine pentoxide, I2O5, at 190° ; 
but these statements were contradicted by G Gr. Lautsch, C. Langlois, and 0 F. Ram- 
melsberg. By heating paraperiodio acid for 20 to 25 hrs under reduced press. 
(12 mm ) at 100°, that is, until the weight is constant, A B Lamb obtained a white 
residue whose composition corresponded with normal periodic acid, HI0 4 , and which* 
is therefore meta-periodic add, HIO4. The product dissolves m water with a 
hissing noise, sublimes at 110°, and at 138° furnishes iodme pentoxide, I2O5. The 
intermediate meso-jperiod%c acid, H 3 I0 6 , was not observed. A. Rosenheim and 
E. Lowenthal found that periodic acid resembles telluric acid more than it does 
perchloric acid, and the periodates are more like tellurates than they are like 
perchlorates. 

According to 0 Langlois, periodic acid is slightly soluble in alcohol, Jess soluble 
in ether, and very soluble in water The aq soln is colourless and has an acid 
reaction. According to J. Thomsen, 12 the specific volume, v, of aq. soln. of the 
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composition H 5 I<J 0 +//H»0 at 17* is r=59 6+18n ; and the specific gravity, S, at 
the same temp (59 0+1 3^)^— 228+1 8a : 

n ... 20 40 SO 160 320 H a O 

>? 1 4003 1 2J65 1-1121 1 0570 1 0288 

Vohmie difTyrrnec* 50 8 59 3 60 0 60 2 60 0 o c. 

where the last line represents the difference in volume between the soln and solvent 
calculated per mol. of solute, H 5 IO e . The molecular heat of solution in 240 mol. 
of water is —1*33 Cals. ; the heat ol formation from its elements is : I SO hd+60 
+5H==H 5 I0 6 g 0 i l a+lSr78 Cals ; and in soln : Isoha+60+5H+Aq =H5l0 6a q. 
+184 4 Cals. , and for I TO iid-H=0+H+Aq =1110^ J Thomsen gives 47 68 
Cals , and SL Berthelot, 53*5 Cals. The heat of neutralization, as with the heat of 
soln , increases step by step with increasing amounts of alkali According to 
J. Thomsen, the heat of neutralization, Q, of a mol. of paraperiodic acid, H 6 I0 6 , 
by n mol. of potassium hydroxide — all in soln.— is 

n ... I 15 2 25 3 5 KOH 

Q * * 51 3 16 56 26 59 29 23 29 74 32 04 Cals 

Acid Neutral. Alkali soln. 

Consequently the addition of tho first mol. of KOH furnishes 5' 15 Cals ; the second, 
21 44 Cals. ; the third, 3*15 Cals ; and the fourth and fifth, 2 3 Cals. The mean 
of the first two values is 13 195, corresponding with the normal value for strongly 
ionized acids. This is said to be a chance result J. Thomsen infers that 
periodic acid is dibasic, and writes the formula I0 4 H s (OH) 2 ; or better still 
tetrabasic I £ 0 8 H G (OH) 4 , and he writes the formula — oxygen quadrivalent, iodine 
univalent — 


H H H K 

i-°-6 v o v o v 0 -°- 1 

0 0 0 

AAA 
HH HH BH 

A. Basarow and L. Meyer objected to J. Thomsen’s hypothesis. A Basarow 18 
regards iodine as septivalent and assumes paxapenodic acid to contain five hydroxyl 
gioups. (H0) 2 : 10 i (H0 ) 3j two of which behave as acidic hydroxyls, and three as 
alcoholic hydroxyls 

The molecular conductivity of periodic acid in soln containing one mol in v 
litres of water has been determined by W, Ostwald, 14 A Rosenheim, and 
E. Lowenthal. The two sets of determinations are concordant 3?. Kohlxausch 
gives 48 and 64 for the mobilities of the 10/ and C10/-ions respectively on the 
assumption that this ionization is: HI0 4 =H‘+I0/, the calculated ionization 
constant K does not change much with dilution. Assuming the mobility 
of the hydrogen is 338 at 25° , V Rothmund and K Drucker have calculated the 
degrees of ionization, a, and the ionization constants K, from W. Ostwald’s eq. 
conductivities A : 


• 4 

16 

32 

«4 

123 

256 

512 

1024 

108 

179 

223 

270 

312 

348 

374 

387 

. 0 273 

0 452 

0 563 

0 682 

0 788 

0 880 

0 045 

0 978 

. Q 0256 

0 0234 

0 0227 

0 0229 

0 0229 

0 0252 

0 0310 

0 0425 


The value of K is fairly constant between v=8 and u=128, but it increases with 
still greater dilutions, possibly owing to an increase in the strength of the acid forma- 
tion of more complex molecules. The conductivity measurements do not decide 
whether periodic acid is to be regarded as a binary electrolyte with anions 10/ 
or hydrated anions H 2 I0 5 y or B/10/. 
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A Rosenheim and E Lowenthal measured the effect of periodic acid on the 
b.p and f p of water They found : 

Grtna H 3 IO a m 25 grma. V, ater . 0 5G90 3 369 0 2308 1 3342 4 S104 

Elevation of b p . . . 0 10° 0 51° — — — 

Depression of f p. ... — — 0148° 0048° 2~138° 

Mol wt . * . . 118 3 137 4 173 2 190 4 20Sd 

The theoretical mol wt. for HgI0 6 is 227 96. The ebulliscope measurements show 
that the acid is probably ionized like a binary electrolyte H 3 IOg=H’ + 24105 ' 
in boiling aq soln. 3 while the cryoscopic measurements of the 5 per cent, soln show 
that the ionization is not so very marked, and becomes very small with the 12 to 
20 per cent soln. Taken in conjunction with the conductivity measurements, these 
re&uits are taken to show that polymerized molecules are probably present in the 
cold soln This conclusion is in accord with the results obtained with telluric acid. 

A Rosenheim and E. Lowenthal determined the concentration of the hydrogen 
ionmO OSiV-soln of HsIOq, NaH^Oe, and Na 2 H 3 I06 by S P L. Sorensen’s indicator 
method, and found respectively 6xl0~ a , 4 05xl0“ 7 , and6 5xl0“ 10 . By com- 
parison with the value foT 0 01IV-HC1 — 4*3 X 10” 3 , and fox A- acetic acid, 9 7 XlO” 4 , 
it follows that periodic acid is intermediate between strong hydrochloric acid and 
weak acetic acid 

P Ammermuller and G Magnus 16 made no attempt to determine the basicity 
of the Ueberjodsaure which they had discovered. Prom the behaviour of the acid 
at a high temp , C Langlois and C. G Lautsch inferred that periodic acid is penta- 
basic , and from his study of silver periodate, P W. Perlunds regarded the acid 
as tnbasic In the attempt to find the basicity of periodic acid, W Ostwald lb 
expressed his belief that Ins measurements of the electrical conductivity of soln. 
of penodio acid agreed better with the assumption that this acid is polybasio rather 
than monobasic; but P. Walden 3 B determinations with monosodium periodate 
show that this is the neutral salt of a monobasic acid : A 1024 — A 32 =ll*3 at 25° ; 
and P. Walden regards the salts in which the ratio Na . 1=2 1 are not dibasic 
salts, but rather salts of dimesoperiodio acid , H^Oq, which he calls Pyt operjodsd ure, 
and salts containing five atoms for one molecule of the hydrate H^IOe, basische 
Salze . On the other hand. A Rosenheim and O Liebknecht say that with feeble 
bases like silver, periodic acid behaves like a pentabasic acid, while with strong 
bases it behaves like monobasic metaperiodic acid, HI0 4 , a view which P Giohtti 
believes is supported by the behaviour of the copper periodates which make periodic 
acid pentabasic, while the lead periodates make this acid tnbasic Hence, added 
P Giolitti, the normal basicity of periodic add cannot be decided from chemical considera- 
tions alone 

While perchloric acid behaves as a monobasic acid when titrated with litmus, 
methyl orange, or phenolphthalein as indicator, periodic acid is monobasic only 
when titrated with methyl orange since with the other indicators the changes of 
colour are gradual and indistinct P Giohtti 17 also found penodio acid to be mono- 
basic towards sodium hydroxide with methyl orange as indicator, but dibasic when 
the neutral point is determined electrometrically. R. Dubnsay has also shown by 
a surface tension method that penodio acid behaves towards alkalies as a tribasic 
acid. A Rosenheim and E Lowen hal have shown that by using methyl orange as 
indicator, periodic acid can be quantitatively converted by titration into NaH 4 I0 Q , 
and by using thymol phthalein as indicator, it can be converted into Na 2 H 3 IO Q . 

E. Coxneo 18 has shown that the lowering of the f.p. of the soln. of penodic acid 
and sodium or potassium hydroxides cannot be followed throughout owing to the 
low solubilities of some of the salts The curves showing the relation between the 
depression of the f p. and the proportion of alkali show breaks corresponding with 
acid base as 1 , 1, 1 2, and 1 : 3 foT potassium and sodium salts, and 1 1 and 
1 2 for ammonium salts When an aq soln of penodic acid is treated with sodium 
hydroxide, the fiiBt action appears to be a neutralization of the acid molecules* 
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HI0 4 . forming XalO* , as more sodium hydroxide is added, the NalO^ molecules 
arc transformed into the neutral salt, Na 4 I J 0 9 , of the unknown acid H4I2O9. This 
salt i-> sparingly soluble, and separates from the soln Similar phenomena are 
observed with, potassium hydroxide, Lut the potassium salt, KiI 2 O 0 , is fairly soluble, 
and further additions of potassium hydroxide lead to the formation of a neutral 
salt, K 3 IO c , and when all is converted, subsequent additions of alkali give a soln 
containing mixtures of K3IO5 and KOH. Hence, successive additions of alkali 
to a soln of periudic acid furnish neutral salts corresponding with three different 
penodiG acids : HU l 4 , HJoOy, and H 3 I0 6 Hence, J Thomsen s data for the 
thermal changes which occur when potassium hydroxide acts upon periodic acid — 
where with the first mol. 3*15 Cals are evolved, 21' 5 Cals, with the second; and 
3T Cals with the third — refer not to the simple neutralization of a polybasic acid, 
but rather to the evolutions of heat in three totally different reactions 

The electrical conductivities — W. Ostwald and P, Walden's rule — the lowering 
of the f p , and the raising of the b.p. of the 1 . 1 periodates, correspond with the 
simple formulae MO4 and MCIO4 Similar evidence for the corresponding acids 
shows that uq. soln. contain respectively the molecules B30 4 and HC10 4 , and that 
the so-called paia-periodic acid, H^IOq, which crystallizes from soln. of periodic 
acid is a dihydiate, HI0 4 2H;>0, which is more stable than the acid itself This 
recalls the relatively great stability of the hydrates of perchloric acid 

Again the electrical conductivities — W Ostwald and P. Walden’s rule — show 
that the simplest formula for the 1 : 2 periodates is M 4 I 2 0 9 , and therefore the three 
known solid 1 : 2 periodates should not be formulated JS T a>H 3 I0 6 , KoH 3 I0 6 ; and 
(NH4) 2 H 3 10 6 , but rather Na 4 I 2 O 0 .3H 2 O ; K4I2O9 3H 2 0 f and (NHJ 4 I 2 O fl 3H 2 0 
respectively. This inference is m accord with the fact that the potassiunasalt loses 
the eq of nine molecules of water when dried over sulphuric acid , that the sodium 
salt loses its three molecules of water at 200° ; and the ammomum salt its three 
molecules of water at 100° — all without decomposition The lowering of the f p 
and the application of W. Ostwald and P. Walden’s rule show that the moat simple 
formula for the 1 : 3 periodates is M 3 I0 6 , and accordingly, the potassium and 
sodium salts are respectively K s I0 5 4H 2 0 and Na^ICfe H a O. 

Paraperiodic acid does not lose m weight when dried at 100°, or over con. 
sulphuric acid ^ According to A. B. Lamb, 1 * when paraperiodic acid, HglOg, 
or what is considered to be the same thing, HI0 4 2H a O, is heated to 110° under 
ordinary press , or at 100° under a press, of 12 mm., it decomposes, and the residue 
has a composition corresponding with HI0 4 , at 138°, there is much sublimation, 
and large quantities of iodine pentoxide, I 2 0 6) are formed Most of the periodates 
when heated up to about 300 s lose oxygen, and are transformed into lodates ; at 
a still higher temp,. iodine and oxygen are evolved, and this the more the smaller 
the ratiG of metal to acid Some of the metaperiodates are inclined to decompose 
explosively, while the periodates of the stronger bases can be heated to redness 
without decomposition. According to C. F. Rammelsberg. aq soln of periodic 
acid or of sodium metaperiodate, acquire apale yellow colour on standing, and give 
a smell recalling that of ozone, while P. Walden says that a Jff-soln of periodic 
acid develops the ozone smell after it has Btood foi an hour, and iodates are slowly 
formed ; the decomposition is quicker if an acceptor foT the oxygen be present— ^ o. 
potassium iodide "W. Lenz and E Richter could find no hydrogen peroxide m 
aq. soln. of penodic acid Aq. soln of the acid can be boiled without decompo- 
sition. According to S. Tanatar, hydrogen peroxide first reduces periodic to iodic 
acid, and then decomposes the latter , while according to E. Muller, periodates 
are decomposed with the evolution of oxygen. Sodium penodate is slowly decom- 
posed by hydrogen peroxide, forming sodium lodate with the liberation of oxygen 
When a dil soln of periodic acid is similarly treated, the acid is completely reduced 
to iodic acid with the separation of only a trace of iodine ; with a cone, soln., the 
reaction is incomplete and much iodine is separated. According to V Auger, the 
salt Na^IaO^HjO gives sodium iodate and a larger amount of oxygen than 
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corresponds with the reaction: Na2HsI0 6 +H202=NaI03+2H 2 0+NaOH+0 2 , 
owing to the catalytic decomposition of the peroxide 

Periodic acid and the periodates act as energetic oxidizing agents and produce 
effects similar to those obtained with iodic acid According to M- Bengieser, 
phosphorus is oxidized to phosphoric acid by periodic acid ; zinc forms zinc oxide ; 
non forms ferric oxide ; copper forms cupnc lodate, Cu(I0 3 ) 2 *, while mercury, 
tin* and lead are only slightly attacked 0 F. Rammeisberg found that periodic 
acid or the periodates convert ferrous oxide into feme lodate, and manganous 
oxide mto hydrated manganese dioxide and manganous lodate, according to 
H Kammerer, bismuth oxide, Bi 2 0 3 , is oxidized to bismuth dioxide D. Vitali 
has studied the effect of various reducing agents on the periodates and shown 
that they behave like the lodates. M Bengieser found acetic, formic, oxalic, and 
tartaric acids to be slowly oxidized to water and carbon dioxide by periodic acid 
or by periodates, and E Pochard found the reaction with oxalic acid proceeds rapidly 
if manganese sulphate, MnS0 4 - be present , and 0 Loew and K Aso found potas- 
sium periodate is reduced by glucose C Langlois showed that periodic acid, 
and C F Rammeisberg that periodates, are immediately decomposed by sulphur 
dioxide, hydrogen sulphide, and cone, sulphuric acid. F. Selmons has published 
an investigation : Uebet die ZeUdauer der Reaction zwischen Veberjodsdure und 
Schwejtigersaure (Berlin, 1887) from which it would appear that the reaction proceeds: 
H 2 S 0 3 +HI 0 4 =H 2 S 0 4 +HI 0 3 , and also 4H 2 S 0 3 -j-Hl 04=4:II 2 S O4 -{-HI j and the 
hydriodic acid so formed is oxidized by the remaining periodic acid to iodine, for 
periodic acid was shown by C. F. Rammeisberg to be reduced by hydnodic acid or 
potassium iodide, with the separation of iodine F. Ammermiiller and Gr. Magnus 
also showed that hydrochloric acid is likewise reduced HI0 4 +2HC1==HI03 
+H 2 0+C1 2 Acid soln of the metapenodates are reduced in a similar way. 
According to E Pochard, sodium metaperiodate behaves as if it were a compound 
of sodium lodate and active oxygen, for its soln. give the reaction of ozone Thus 
sodium iodide is decomposed in the cold by a soln. of sodium periodate, iodme is 
liberated, and the liquid acquires an alkaline reaction with litmus : 2NaI0 4 +2NaI 
+2H 2 0=NaI0 8 +Na 2 H3l0 6 +NaO+I 2 ; if the mixture is allowed to stand for some 
time, the alkaline soln. becomes neutral m virtue of the consecutive reaction symbo- 
lized : 2Na 2 H^I0 6 +l2=3NaI03+NaI+3H 2 0. According to E. Muller, m alkaline 
soln. with the substances concerned in normal soln , the electromotive force at 
platinized electrodes compared with the normal hydrogen electrode for the reaction . 
KI+4H 2 0^KI0 4 +4H 2 , 0 387 volt, for E3+3H 2 O^EIOg+3H 2 , 0*227 volt; 
and for KI0 8 +H 2 0^K[0 4 +H 2 , 0 513 volt. In a given system, says E. Muller, 
a lower and a higher stage of oxidation can react only to form a given intermediate 
stage when all the reactions leading to the other intermediate compounds are accompanied 
by a loss of free energy — e g the reaction between a periodate and iodide to form 
an lodate : E3+3E30 4 ==4:KI0 3 This reaction does not occur in alkaline soln., 
presumably because the interaction of these substances to form another intermediate 
substance say free iodine, is accompanied by a gam of energy. In acid soln , ox 
in the presence of platinum black, m light, or at higher temp , this is no longer the 
case, and the reaction occurs : KI0 4 +2HI=I 2 +]II08+H 2 0. The catalytic 

agent overcomes the passive resistance of the system M. Bengieser stated that 
alcohol and ether are not decomposed by periodic acid, but, au contraire , 0 Langlois 
said that almost all organic substances, including alcohol and ether, are slowly 
attacked. 

Detection and determination. — The periodates behave towards reducing agents 
like the lodates They are usually but slightly soluble in water and readily soluble 
in dil- nitric acid When soln of sodium periodate are added to barium, strontium, 
calcium, lead, and silver salts, precipitates of dimesoperiodates are obtained, and 
the mother hquoT has an acid reaction — the silver salt is pale yellow, the others 
white — Bilver lodate is also white. The silver precipitate becomes dark red when 
boiled m water ; the fresh precipitate is very soluble in ammonia, the dark red 
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precipitate 33 sparingly soluble Tannic acid precipitates a periodate from soln. 
of peiiudic acid but not from iodic acid — the precipitate is soluble in ammonia 
ot potash lye and the soln becomes dark red on exposure to air. Gallic acid doeB 
not Give a precipitate, but only a coloured soln Periodic acid and the periodates 
can be determined by adding potassium iodide and dil sulphuric acid and titrating 
the separated iodine ; by their action on oxalic acid in the presence of manganese 
sulphate, and determining the liberated iodine , by treatment with hydrogen, 
peroxide and measuring the oxygen evolved 
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§ 17. The Perchlorates 

The perchlorates are prepared by the action of the acid on a suitable base, by 
the thermal decomposition of certain chlorates, and by the electrolysis of chlorates. 
Perchloric acid is always monobasic , no acid salts have been made. Sodium per- 
chlorate has been reported in the nitrates of Chili According to M H Marker , 1 
some specimens have up to 5*64 per cent, of this salt, and it has been suggested that 
the presence of perchlorates is the cause of the deleterious action of some deliveries 
of Chili saltpetre when used as a fertilizer for rye 

The alkali and ammonium perchlorates. — Lithium perchlorate was made by 
6 S Sbrullas by saturating perchloric acid with lithium hydroxide , A Potilitzm 2 
used the carbonate Theaq soln so obtained is evaporated to dryness and extracted 
with alcohol The resulting crystals are anhydious lithium perchlorate, L 1 CIO 4 , 
aq. soln furnish trihydrated lithium perchlorate, LiClO^HaO, m hexagonal 
crystals According to A. Potilitzm, the trihydrate at 100° forms monohydrated 
lithium perchlorate, L 1 CIO 4 H 2 0 ; and at 130°, the anhydrous salt T W Richards 
and H. H Willard prepared this salt m a high state of purity, and found it can 
be thoroughly dried by fusion lithium chloride was dissolved m water, and 
treated with a slight excess of a constant boiling soln of perchloric acid above 
that required for the conversion of the chloride to perchlorate The mixture was 
evaporated to dryness under conditions where the mixture did not boil. The 
hydrochloric acid was soon expelled , the excess of perchloric acid was driven 
off by heat ; and the temp raised to the fusion point, when anhydrouB lithium per- 
chlorate was obtained in a high degree of purity , at a higher temp it furnishes 
lithium chloride and oxgyen : Li 0104 =LiC 1 + 20 2 . Hence hthium perchlorate was 
used in some atomic weight determinations to find the ratio LiCl 4.0 Sodium 
perchlorate was made by G. S S 6 rullas by the action of perchloric acid on the 
hydroxide , by F. Penny by the action of nitnc acid on the chlorate , and T. Schlosing 
by heating the chlorate The electrolytic process is used on a large scale. 
A Potilitzin showed that if the aq. soln. be crystallized above 50°, non-deliquescent 
prismatic crystals of anhydrous sodium perchlorate, NaC10 4 , are formed, while if 
crystallized at room temp., or below 50°, deliquescent monohydrated sodium 
perchlorate, NaC10 4 H 2 0, is formed. Either salt can be obtained by the seeding 
of a supersaturated soln. at room temp, with the proper salt Anhydrous 
potassium perchlorate, KCIO 4 , was made by G. S Sbrullas, J. von Liebig, J. C G, 
de Marignac, and others by processes analogous to those employed for the sodium 
salt. Potassium perchlorate, ELC10 4j is also precipitated when perchloric acid or 
a soln of sodium perchlorate is added to a soln. of a potassium salt — chloride, 
nitrate, acetate, etc. The excess of sodium salt is removed by washing with 
alcohol of sp gr 0*835 ; and the residual sodium perchlorate recrystallized from 
boiling water Sparingly soluble rubidium perchlorate, RbC10 4 , and caesium 
perchlorate, CsCIO*, were obtained in a similar manner. E. Mitsoherlioh first 
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prepared crystals of ammonium perchlorate, NH4CIO4. from barium perchlorate and 
ammnnmm sulphate, T. Schlosmg 3 treated liot soln of sodium perchlorate with 
ammonium chloride, and on cooling crystals of ammonium perchlorate were 
obtained ; U. Alvisi treated a mixture of 75 77 parts of ammonium mtrate and 
213 of sodium perchlorate, and obtained a crop of small crystals of ammonium 
perchlorate which were pmified by recrystallization from hot water , and C. W 
Bailey, H. S. Denny, and A, .T Dunk, and 0 B Carlson patented the use of 
ammonium sulphate for this purpose. A Miolati mixed magnesium or calcium 
perchlorate with ammonium chloride and crystals of ammonium perchlorate 
deposited from the *oln. of very soluble magnesium or calcium chloride. 

Crystals of lithium perchlorate are known only in the hydrated form, trihy drated 
lithium perchlorate, LiC10 4 3H 2 0 The crystals belong to the hexagonal system 
with the axial ratio a c= 1*07039, and J W Retgers 4 considers that they are 
probably isomorphous with tnhydrated lithium permanganate, LiMn0 4 .3lL>0. 
According to G. Wyrouboff the crystals have a negative double refraction, and 
according to A Lagono positive. The needle-kke crystals of tnhydrated sodium 
perchlorate, NaC10 4 .3H 2 0, are very like the corresponding lithium salt, but they 
are so hygroscopic that the crystalline form has not been determined The 
anhydrous crystals of sodium perchlorate, NaC10 4 , have not been measured. 
Puta^ium perchlorate forms rhombic bipyramidal crystals which, according to 
P. Groth, have the axial ratios a : b c=0 7817 : 1 . 1*2792 The crystals are usually 
prismatic, Pies 30, but by the slow cooling of sat soln , E Mitscherlich obtained the 
form indicated in Pig 31, and by the spontaneous evaporation of cold sat. soln., 



tabular crystals are obtained, Pig 31 . According to J W. Retgers and T. Y. Barker, 
potassium perchlorate forms an isomorphous senes of mixed crystals with potassium 
permanganate According to T. V Barker, rubidiumpei chlorate, RbC10 4 , crystallizes 
m thick plates belonging to the same system as the potassium salt, and possessing 
the axial ratios a : b : c=0*7966 : 1 : 1*2879 , while caesium perchlorate, CsC10 4 
likewise has the axial ratios 0:6: c=0*7932 1 : 1 2808 , and ammonium per- 
chlorate, NH 4 C10 4j has the axial ratios a : b : c=0 7932 : 1 : 1 2808 E. Mitscherhch 
and P. Groth 6 also measured the crystal constants of ammonium perchlorate. All 
these salts are isomorphous with the corresponding permanganates. 

The specific gravity of trihydrated lithium perchorate is 1 841 according to 
G Wyrouboff ; while the sp. gr, of potassium perchlorate at 10*8° is 2 524 according 
to W. Muthmann, and at room temp., 2*520, according to H. G. F. Schroder ; 2 525 
according toT. V, Barker. The sp. gr . of rubidium perchlorate is 3 014 ; of caesium 
perchlorate, 3 327 ; and of ammonium perchlorate, 1 952 — all by T Y Barker. 
F W. Clarke gives fox the last-named salt 1 89. According to M. M. P. Muir, the 
sp. gr. of an aq soln. of potassium perchlorate, sat at 0°, is 1 0005 : at 25° 1*0123 - 
at 50°, 1 0181 ; and at 100°, 1 06603. B. Carlson has also measured the Bp. gr. of 
aq. soln. of lithium, sodium, potassium, rubidium, caesium, and ammonium 
perchlorates. 

. According to A. Potilitzin, the melting point of trihydrated lithium perchlorate 
“ 95 _ ! and > between 98° and 100°, the salt loses approximately two-thirds of its com- 
bined water ; and all the water is lost between 130° and 150° ; the anhydrous 
.J™® at 233 °> loses no oxygen at 300° ; this gas is evolved at about 368°, 

at 380 the speed of decomposition is tapid— lithium chlorate and chloride are first 
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ibrmed, and the speed of decomposition at 368° is greatest when the ratio LiC10 4 : 
L1CIO3 is approximately 1.3 A Potilitzm 7 found monohy&rated sodium 
perchlorate becomes anhydrous at 130°. T Carnelley and L T. O'Shea give the 
m p. of sodium perchlorate at 432°, and the salt slowly decomposes at this temp ; 
potassium perchlorate cannot be fused without comparatively rapid decomposition, 
but it is said to melt at about 610°, and to co mm ence decomposing at 400° ; 
according to F L. Teed, it forms some chlorate during its decomposition. Accord- 
ing to N Louguinine, rubidium perchlorate easily melts when heated and decomposes 
at a dull red heat Ammonium perchlorate, said P Groth, is decomposed by heat 
into ammonium chloride, oxygen and chlorine; M Bertkelot 8 says into water, 
oxygen, nitrogen, and chlorine During the concentration of an aq. soln of ammo- 
nium perchlorate some a mm onia is lost, and the soln becomes acid M. Berthelot 
giveB for the heat o£ formation of sodium perchlorate, NaC10 4 , from its elements, 
100*2 Cals ; for potassium perchlorate, 112 3 Cals ; and for a mm o m um per- 
chlorate, 79 7. The heat o£ solution of sodium perchlorate, in 200-100 mol of water 
is 3 5 Cals at 10° , for potassium perchlorate, — 12 1 Cals , and for ammonium 
perchlorate, — 6 36 Gals. E F von Stackelberg found the heat of soln., Q, of a 
mol. of potassium perchlorate in ]00 mol. of water to be @=12860— 9200?i cals. 
The heat of neutralization of perchloric acid with ammonia is 12 9 Cals. The heats 
of the reactions are given 
by NaC10 4 =NaCl+20 2 
—3*0 Gals , NHiCIO* 

—Cl -|- O s -|- N 4" SB^Ogas 
+38 3 Cals H. Kopp 9 
found the specific heat of 
potassium perchlorate to 
be 0*190 between 14° and 
45°. 

M M P Muir 10 has 
measured the solubility of 
potassium perchlorate; he 
found that at 0°, 100 grms. 
of water dissolved 0 71 
grms of potassium per- 
chlorate, at 26°, 196 
grms ; at 50°, 5*34 grms ; 
and at 100°, 18 7 grms He also adds that " for each rise of 25° from 0° the 
solubility and the percentage amount of the salt m soln increases m round 
numbers threefold ” A. A. Noyes and co-workers found that 100 c c. of water 
at 10° dissolved 1 082 gnns of potassium perchlorate ; at 20°, 1* 668 grms ; 
and at 30°, 2 494 grms Determinations of the solubility of potassium per- 
chlorate in water were also made by J. Hutstem, R G. Thin and A C. Gum- 
ming, B Carlson, and G S 86xullas. According to W. Louguinine, 100 grms. 
of water at 2 13° dissolved 1*09 grms. of rubidium perchlorate, and 1 62 oi 
the potassium salt. F Calzolari noted that the solubility of cresmm perchlorate 
at 20° is a little less than that of the potassium salt ; and greater than that of the 
rubidium salt — tide the solubility of the alkali chlorates F Cakolan’s values for 
the solubilities of potassium, rubidium, and caesium perchlorates in 100 grms of 
water are : 
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Temperatures 

32. — Solubilities of Potassium, Rubidium, and Ceesium 
Perchlorates m Water 


KOIO* 

Rbao 4 

CbG0 4 


8 * 6 ° 

0 59 
0 91 


14 ° 

0 767 

1 19 


83 7 ® 

1 84 

2 99 


42 ° 

2 64 
4*09 


50 ° 
6 46 
3*56 
5 47 


60 ° 

4 85 
7 SO 


70 ° 
12 3 
6*72 
9*79 


84 ° 

10*42 
16 51 


99 ° 
22 2 
17 39 
28 57 


and these results are plotted in Fig 32 B Carlson found that at 15° and 50° water 
dissolves respectively 107 6 and 123*4 per cent, of sodium perchlorate when the 
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soM pha-' l- N\.« ,O,.H 2 0; and at 143°, 14T4 per cent, when the solid phase is 
NaClU 4 . (4 S -Vrullas "found that 20 parts of ammonium perchlorate dissolved in 
100 pairs of roid water. E Gr Tlnn and A C. C umm ing found that water at 14 2° 
duwrtlvts 1 7 jj I ter cent of ammonium perchlorate K. A Hofmann, 3L EL. A. 
Ho I« Id, and F. Quoos found 18 5 grms of salt were dissolved by 100 grins, of water 
at 15 L ‘, and B Carbon gave for the percentage solubility : 


o° 

XH t C.10» . - 11-50 

Sp gr . . 1*059 


20 = 4 . 0 * 60 ° 

20 85 30 58 39 05 

1 098 I 128 1 15S 


80 ° 100 ° 107 ° 

48 19 67 01 68 12 

1*193 1216 1221 


K. G Tlun and X C Cumming found that with aq soln. of perchloric acid of 
normality A 7 , water dissolves at 25 2° : 


N . * * * * — 0 01 0 10 1 00 

Percent KC10 4 . * - . 2 085 1 999 1*485 0 527 


A A* Noyes and co-workers measured the depressed solubility of potassium peT- 
chlorate in aq. soln of potassium chloride and potassium sulphate 

G S Serullas says that lithium perchlorate is very soluble in alcohol , sodium 
perchlorate is soluble m the same menstruum ; H E. Roscoe says that potassium 
perchlorate is but very slightly soluble in absolute alcohol, and not at all if the alcohol 
contains a trace of an acetate T Schlosing reported that potassium perchlorate 
is not soluble in alcohol of sp, gr 0*835. According to R G Thm and A C 
Gumming, 100 grms of 98*8, 93*5, and 51*2 per cent, soln. of ethyl alcohol dissolve, 
at 25*2°, reapectivclv 0 olD, 0*051, and O*7o4 grms. of potassium perchlorate, and in 
the first two cases, if 0*2 per cent, of perchloric acid is present, respectively 0 028, 
and 0 0173 per cent, of that salt G S Serullas said ammonium perchlorate is 
Blightly soluble m alcohol , P. Groth could find no sign of the formation of a basic 
salt when potassium perchlorate is treated with alkali lye. According to 
H P. Pearson, potassium perchlorate dissolves more easily in soln, of ammonium 
nitrate than in water ; and less easily in ammonium acetate, ammo mum chloride, 
ammonia, or hydrochloric acid ; dil nitnc acid dissolves about as much of this 
salt as does water and dil acetic acid about half as much. According to V Roth- 
mund, aq semi-normal soln. of the following menstrua dissolve, the indicated 
number of grams of potassium perchlorate per litre, at 25° : water alone, 20*44 , 
methyl alcohol, 19 45 ; ethyl alcohol , 18*75 ; propyl alcohol , 18 61 , tertiary amyl 
alcohol , 17 72 ; acetone , 20 11 ; ether, 18*51 , glycol, 19*62 ; glycerol, 19 45 ; urea, 
20 92 ; ammonia , 20*43; dimethylamine, 18 60 , pyridine, 19 54 ; urethane , 19 40 ; 
formamidc , 21 32 ; acetamide, 20 05 ; acetic acid , 20 26 , phenol , 18 87 , methylal , 
19 40 , methyl acetate, 19 80. P. Ephraim prepared lithium teframmino- 
perchlorate as a solid which liquefies at ordinary temp 

G. Tammann 11 found the vapour pressure of water at 100° was lowered 7‘8 mm. 
by the soln. of 5 06 grms. of potassium chlorate per 100 grms of water , 17 4 mm. 
by 10 73 grms. of the salt ; and 21 7 mm by 13*64 grms. of the salt. The eq, 
electrical conductivity of lithium, sodium, and potassium perchlorates at 25° for a 
mol. of the salt in v litres of water are : 


p . 

9 

. 32 

64 

128 

256 

612 

1024 

LiClO* . 

t 

. 101*5 

104*8 

107*6 

109 9 

111 9 

113*1 

NaCiO* . 

• 

, 111*4 

114-9 

117 7 

120 0 

121*6 

123*7 

KCIO4 . 

. 

. 131*9 

135 9 

140 3 

143 5 

145 8 

140*4 


H. C. Jones 13 also worked out the temp coefi. from 0° to 65°, and he gives for 
the ionization constants a : 


u . . 8 32 128 612 1024 2048 4096 

oNaCIO* . 84 6 93 0 98*6 100 0 99 7 — — 

a KC10 4 . — 86 9 93*0 95*9 97*1 98 6 100 0 

R. Roth, 13 K. K A. HSbold, A. G. von Zedtwitz, K. A. Hofmann and co-workers 
prepared a large number of perchlorates of the organic bases. K. A. Hofmann and 
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co-workcra, and J. MUbauer also studied the properties of a number of organic 
perch.] orates. 

Cupric perchlorate.— G. S Serullas 14 prepared large blue deliquescent 
crystals by the evaporation of an aq soln of cupnc oxide in perchloric acid. 
R. Roth’s analyses of the crystals of cupric perchlorate gave Cu(C104)2 6H 2 0 — or, 
by A Werner’s theory, [Cu(H 2 0) G ](C104) 2 Paper soaked m the soln., dned, and 
placed on red-hot coals burns with a greenish-blue flash. H. E Roscoe pre* 
pared a sparingly soluble dehydrated cupric hexamniino-diaquo-perchlorate, 
Gu(C 10 4 )2 INH3 2H a O — or, accordicgto A. Werner’s theory, [Cu(H 2 0) 2 (NH g )4](C104) 2t 
P, Sabatier found soln of cupnc perchlorate formed a basic perchlorate, 
Cu(C10 4 ) 2 4CuO, when treated with the partially dehydrated brown cupnc hydroxide. 

Silver perchlorate, AgC10 4 , was made by G. S. Serullas (1831) lfi by the evapora- 
tion of a soln of silver oxide in perchloric acid ; and by P. Groth (1868) by double 
decomposition with barium perchlorate and silver sulphate T. Caraelley and 
L. T O’Shea give the m p as 486°, and it decomposes suddenly just below a ie&- 
heat. G Brum and G. Levi give —2*17 Cala for the heat of soln of a mol in 1600 
mols of water According to W Nernst and M Lob, the electrical conductivity, 
A, of soln with 0 025 mol per litre is 0 0001109 ; and 0*0001200 m soln with 0 0008 
mol. per litre, G. Gore found that during the electrolysis of aq. soln of silver 
chlorate the anode was covered with a black film — probably silver peroxide. Aq. 
soln become brown on exposure to light Soln. in aq. ammonia furnish a 
crystalline silver diammino-perehlorate, AgC10 4 2NIl3, whose heat of formation 
m the solid state, according to G Broni and G. Levi, is AgC10 4 +2NH s ==38 40 Cals ; 
heat of formation in soln. is AgClO^g.+SNHsaq^lS'Tl Cals. , and whose mole- 
cular heat of soln m 1600 mols of water is —10 71 Cala These results are taken 
to show that only the diammino- salts exist in soln The heat of formation of 
silver triammino-perchlorate is AgC10 4 +3NHg==AgC10 4 3HH a +47 77 Cals. The 
solid tnammino-salt is immediately decomposed into the diammmo-salt and ammonia 
when dissolved in water. They also made dimethylammino-Silver perchlorate, 
AgCl 0 4 .2 NH 2 CH 3 

The perchlorates of the alkaline earths. — G S Serullas 16 prepared deliquescent 
prisms of calcium perchlorate in 1831. The alcoholic soln. burnt with a red flame ; 
strontium perchlorate, with a purple flame. G. S Serullas made trihydrated 
barium perchlorate, Ba(C10 4 ) 2 .3H 2 0> in hexagonal crystals, hy the action of the 
acid on the hydroxide or carbonate , P Groth made it by the action of potassium 
perchlorate on hydiofluosilicic acid, and, after washing the potassium fluosilicate, 
neutralizing the liquid with barium carbonate. This soln was evaporated to 
dryness, and barium perchlorate was extracted from the residue by alcohol ; and 
any banum chloride present was removed by treatment with silver perchlorate. 
0. Henry boiled zmo fluosdioate with an aq soln. of potassium chlorate, and treated 
the soln of zinc perchlorate with baryta water — zme hydroxide was precipitated ; 
barium perchlorate remained m soln 

J. Grossman n prepared barium perchlorate on a manufacturing scale by evapor- 
ating a mixed soln of sodium perchlorate and barium chloride. Crystals of sodium 
chloride crystallize out before the barium perchlorate. E Wmteler made the salt 
by the electrolysis of barium chloride According to J. C G. de Marignao, the 
hexagonal crystals have the axial ratio a . 6=1 : 0 6623 According to G Wyrouboff, 
the crystals have a feeble negative double refraction J. 0. G. de Mangnac’s 
analysis make the composition of the salt Ba(C10 4 ) 2 4H 2 0 ,* but G S. S^ruUas* 
lesult : Ba(C104) 2 3H 2 0, is usually considered to have been conect Two-thirds 
of the combined water is lost over cone sulphuric acid ; the remaining third at 
100°. A Potihfczm says the salt begins to decompose at 400° when 0 09 per cent, of 
oxygen was lost in 70 minutes ; at 460° all the oxygen was loot in about hours. 
According to T. Camelley and L T O’Shea, barium perchlorate melta at 505°. 
The salt is very soluble in water and alcohol Paper, soaked in the soln. and dried, 
burns with a green flame. 
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The perchlorates of beryllium, magnesium, zinc, cadmium, and mercury. — 
A AtteiVcr^, 17 and J. U. G de Marignac prepared tetrahydrated beryllium per- 
chlorate, IietCl0 4 ) a 4HoO, m deliquescent needle-like crystals after cone of the soln 
to a thick syrup. The crystals give off vapour of perchloric acid at 100°, and 
form beryllium oxide on calcination G S Serullas prepared long prisms of deh- 
quescent cTy^tals of magnesium perchlorate ; and likewise of zinc perchlorate by 
evaporating the soln. obtained by the double decomposition of the metal sulphate 
and barmm perchlorate. The crystals are deliquescent, and soluble m alcohol. 
G. S. Serullas also made similar crystals of cadmium perchlorate by evapoiating the 
soln of the oxide m perchloric acid. 

G S. Serullas 18 (1831) and H E. Roscoe made mercurous perchlorate, 
HgC10 4 2H 2 0 or HgC10 4 jH 2 0, by the action of the acid on mercurous oxide. 
The soln. is cone on a water-bath, and crystallized m a desiccator According to 
M. Chikashige, a soln of mercurous perchlorate is also formed by shaking for about 
4 hrs a soln. of mercuric chlorate with mercury — the product, says ~F Teltscher, 
still contains about 1*4 per cent of mercuric perchlorate The needle-like crystals 
utc stable m dry air, deliquescent m moist air. They lose very little m vacuo, or 
at lLHi" — a specimen lost about 6 per cent, of water when kept two weeks in a 
vacuum desiccator ; and 2 per cent, when heated 6 hrs in a stream of air at 100°. 
When heated to 100°, the salt decrepitates and remains completely soluble in a 
little wateT ; at 150°, the crystals lose some acid, they swell Blowly, and become 
opaque in consequence of the formation of what appears to be a basic salt, mercuric 
perchlorate, and a trace of mercuric chloride ; at 170°, more of the basic salt and 
of the mercuric salts are formed, and some chlorate ; and at 200°, the mercuric 
chloride begins to sublime. The more the salt is heated, the more basic it becomes, 
and the greater the residue remaining when it is extracted with water, and the less 
mercurous nitrate it forms when treated with nitric acid. Mercurous perchlorate 
is very deliquescent, but less so than the mercuric salt , it is very soluble in water, 
forming a soln. neutral to litmus. The eq electrical conductivity, A, in reciprocal 
ohms at 25°, is 109 9 for a mol. of the salt in 10 litres, and 175 9 for a mol. m 1024 
litres. H Ley found the electromotive force of the cell Hg | HgCl , -iV-KCl , 
j Hg at 20° to be 04193 volt , and for normal NaCl, 04719 volt. 
G. A. Linhart also measured the potential of mercurous perchlorate soln against 
a mercury electrode The potential of the soln. against a smooth platinum electrode 
is not sensitive to light ; if perchlorate acid be present, the result is different. Mer- 
curous perchlorate is slowly hydrolyzed by an excess of water, or when the soln. is 
heated for a long time on a water-bath, and a basic salt is fonned. The degree of 
hydrolysis for -jAT-soln. is 0 034. The white basic salt formed by hydrolysis is 
blackened when washed with water. Alcohol decomposes the solid salt into a 
soluble and white insoluble basic salt which is blackened if washed with water, but 
not with alcohol Alcohol does not effect aq. soln. , but they are blackened by 
ammonia. The needle-hke crystals, which M. Chikashig6 obtained by concentrating 
the alcoholic soln of mercurous perchlorate, appear to be a mixture of 

HgC10 4 - He(G0 4 ) 2 ~20 : 

G S. Serullas (1831S7^ and H. E. Roscoe (1866) obtained crystals of hexa- 
hydrated ipercunc nfljHdorate, Hg(C10 4 ) 2 .6H 2 0, by saturating an aq. soln of 
perchloric acid *Jh.t B^KiercuTic oxide, and concentrating the soln by evaporation. 
M. Chikashi^nftde the same crystals rubbing up mercuric oxide with perchloric 
acid until the soln. begins to appear turbid , it is then filtered through asbestos, 
mixed ^uth a few drops of perchloric acid, evaporated at a gentle heat, and finally 
evaporata^gb ordinary temp, over sulphuric acid. The mother liquid is removed 
from the cry^ds by suction ; and the crystals dried on a porous tile. The prismatic 
crystals are difficult to dry ; they effloresce slowly in a desiceatoT, and deliquesce 
rapidly in air ; and melt with a slight rise of temp.— *34° in dry air. The aq, 
soln. reddens litmus, and M. 0hikashig6 says that the soln. contains no free acid 
because the soln. becomes neutral when an excess of sodium chloride is added to 
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the soln. This, of course, is wrong. The salt is no doubt hydrolyzed into free acid, 
etc , and the sodium chloride presumably either drives back the hydrolysis or forms 
a more stable double salt The soln. decomposes when evaporated by the aid of 
heat, to form an insoluble basic salt The solid effloresces m a desiccator owing to 
the loss of acid and water with the formation of an insoluble basic salt. The 
decomposition is accelerated by exposure to light When heated to 120°, water 
and perchloric acid appear m the issuing vapour ; if it be heated gradually to 150°, 
and maintained at that temp, to a constant weight, the basic mercuric perchlorate, 
2HgO Hg( 0104)2, is formed as a white amorphous precipitate which is not changed 
at the b p of mercury, and only slightly attacked at the b p. of sulphur. This basic 
salt is hydrolyzed by water into mercuric perchlorate and mercuric oxide with a 
little mercuric chlonde and chlorate According to H. Ley, the eq conductivity, 
A, of hexahydrated mercuric perchlorate at 25° is 119 3 with a gram-eq. per 32 litres ; 
and 232 7 with a gram-eq. in 512 litres of water The potential of the soln. against 
a smooth platinum electrode becomes positive when exposed to light, and this the 
more in the presence of perchloric acid. Alcohol decomposes the salt very quickly, 
leaving a white insoluble basic salt, which is decomposed by water to form mercuric 
oxide. The addition of alcohol to an aq soln of the salt gives an orange precipitate 
which is mainly mercuric oxide M. Chikashig6 says that on evaporatmg the 
mother liquor there is very little reduction to mercurous state, and what there is 
is probably due to tbe reduction of mercuric salts by hot alcohol. Alcoholic soln. 
decompose more readily than aq. Prismatic crystals of the basic mercuric per- 
chlorate, HgO 2Hg(C104) 2 .12H 2 0, were made by M. Ciukaslrige by digesting per- 
chloric acid with an excess of mercuric oxide, and after filtering the soln. through 
asbestos, concentrating first on a water-bath, and then in a desiccator, drying the 
crystals on a porous tile. If these crystals be boiled with alcohol, a white flocculent 
precipitate of the anhydrous salt is obtained, insoluble m hydrochloric ox nitric 
acid, but decomposed and dissolved by aqua xegia The anhydrous salt is stable 
up to a dark-red heat, it then detonates vigorously. 

A G. von Zedtwitz prepared nitrosyl perchlorate, N0C10 4 H 2 0, by evaporatmg 
commercial 20 per cent, perchloric acid m a porcelain dish until the temp reached 
140°, and thick white vapours appeared. The product, HC10 4 2H 2 0, was treated 
with a gaseous mixture of nitnc oxide and nitrogen peroxide evolved from a mixture 
of 68 per cent, nitnc acid with sodium nitrite either at ordinary temp, ox at 0°. 
Colourless plates separate out in such quantities that the whole liquid seems to 
solidify. Hence, precautions must be taken against the choking of the gas delivery 
tube The crystals are separated by suction on a Gooch’s platinum crucible, dried 
over phosphorus pentoxide m an atmosphere of nitric oxide and nitrogen peroxide, 
and finally in vacuo. After standing eight days over 'phosphorus pentoxide and 
vacuo some water is lost but no xutno oxide It is not split into nitric oxide and 
m chlorine oxide when heated to 110°, but the perchloric acid is completely decom- 
posed, and the constitution of the product is supposed to be C10 a — 0 — N0+H 2 0. 
It is slightly hygroscopic, and gradually decomposes m moist air. With phosphorus 
pentoxide, it forms a brown mass of syrupy consistency — perchloric acid under 
similar conditions may explode Sulphuric acid forms an analogous product. 
R. Roth prepared antimony perchlorate by wanning antimony tn oxide m hot 
60-70 per cent, perchloric acid As the soln cools the salt separates out. Arsenic 
tnoxide under similar conditions furnishes the unchanged oxide M. M. P. Muir 20 
prepared a bismuthyl perchlorate, B1O.CIO4, or basic bismuth perchlorate, 
Bi20 8 .Bi(C104)3, as a white mass by heating metallic bismuth with an aq Boln of 
peTchlono acid. The salt is “ almost perfectly ” insoluble in water at 100° , it is 
readily dissolved by hydrochloric or nitric acid ; and less readily by sulphuric acid. 
It is decomposed at a red heat, when bismuth chlonde ib slowly formed and 
volatilized. 

G. S. S&rullas 21 prepared a crystalline mass of aluminium perchlorate by 
evaporatmg a soln - of aluminium hydroxide in perchloric acid The crystals are 

von. m 2 d 
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deliquc.-cent, redden litmus, and dissolve m alcohol According to D. H. Dobro- 
serdnfl the rapid decomposition of hexahydrated aluminium chlorate by heat 
gives a residue containing the eq. of AJp 3 ^i^U(C10 4 ) 3 . W. Crookes reports that 
aq. perchloric acid easily dissolves scandium hydroxide or carbonate, and, when 
the soln. L evaporated oveT the water-bath a felt-like mass of rhombic needle- 
shaped crystals of scandium perchlorate separate Yttrium perchlorate, 
Y{Cl*» t ; v 9H 2 0, was prepared by P. T Cleve 22 in hygroscopic needle-like crystals 
by the double decomposition of yttrium sulphate and barium perchlonte Deli- 
quescent needles of lanthanum perchlorate, Lu{C10 4 )3 9H 2 0, and didymimn per- 
chlorate, Di(C10 4 ) ? 9HjU, were also made by P. T Cleve in a similar manner These 
salts nr** deliquescent, and soluble m alcohol 

F. ( \ Mathers and C G. Schluderberg 22 made colourless deliquescent crystals 
of indium perchlorate, In(Cl0 4 ) 3 .SHo0, by dissolvmg electro-deposited mdmm 
(previously fused m a charcoal crucible m a stream of hydrogen) m perchloric acid 
The sulu. Va 9 evaporated on a hot plate until it deposited small crystals when 
cooled by a mixture of ice and salt Further evaporation was conducted under 
reduced press, over sulphuric acid. The crystals were rapidly rinsed with a small 
amount of water, and dried on filter paper The compound is soluble m water 
and absolute alcohol, but less soluble m ether. Basic salts, the products of 
hydrolysis, are precipitated from a neutral soln. at 10°. The crystals fuse at about 
80° in air. and they decompose at a higher temp below a red heat Rhombic 
crystals of thalloilS perchlorate were made by W. Crookes in 1863 by the soln of 
the metal iu the perchloric and , by the action of barium perchlorate on thallous 
sulphate; and by J. W. Retgers by the action of perchloric acid on thallous 
carbonate W. Crookes also described what he regarded as thallic perchlorate with 
1*5H 2 0. Thallous perchlorate is more readily soluble than rubidium or caesium 
perchlorates , according to H. E. Roscoe, 100 grms. of water at 15° dissolve 10 grms 
of the salt, and at 100°, 116*7 grms. of the salt It is insoluble in alcohol. 
According to H E. Roscoe, the salt decomposes about the b.p of mercury, 
blackens, and volatilizes as thallous chloride T. Carnelley and L T. O’Shea give 
the m p. at 510° According to E. Franke, at 25° the eq conductivity of a soln. 
containing a mol. of the salt in 32 litres of water is 129 3 , and m 1021 litres, 
143 7, 

Lead oxide ox carbonate dissolves in perchloric acid, 21 forming a soln. from 
which crystals of lead perchlorate, PbfClO^ 2H 2 0, can be obtained m readily 
soluble white needle-like crystals ; while EL E Roscoe’s analysis corresponds with 
“ 3H 2 0,” J. C Gr. de Mangnac’s and R Roth’s analyses correspond with 
“ 2H 2 0 ” At 100° the salt decomposes, giving off so much perchloric acid that 
paper held over the dish is carbonized. When the aq. soln. of lead perchlorate 
is boiled with an excess of lead carbonate and water, a basic lead perchlorate, 
Pb(01Q 4 ) 2 .Pb(0H)2 H«0, Pb(C10 4 )0H. JH 2 0, is formed m two different types 

of mojioclinje crystals. S. Jolin prepared deliquescent plates of cerous perchlorate, 
Ce(C10 4 )3 H 2 0, by crystallization of the clear liquid obtained by treating cerous 
sulphate with barium perchlorate. S. John and G T. Morgan and E Cahen pre- 
pared cerium perchlorate, Ce(C10 4 )s.9H20, as a deliquescent crystalline mass from 
barium perchlorate and cerium sulphate. The water of crystallization is not all 
eliminated at 160°. P. Terhkowsky prepared praseodymium perchlorate and 
neodymium perchlorate by dissolving the respective carbonates m perchloric acid, 
and removing the excess of acid at 110°. Cubic crystals, en treims , are obtained 
by evaporation in vacuo. The salts are less readily soluble in absolute alcohol 
than the perchlorates of cobalt, nickel, or chromium. The index of refraction 
is 1*50. 

P. T. Cleve obtained an amorphous mass — presumably of thorium per- 
chlorate — by treating thorium sulphate in a similar way. P. P. Tenable and 
I. W. Smithey prepared rireonyl perchlorate by dissolvmg zirconium hydroxide 
in 30 per cent, perchloric acid ; with 60 per cent, acid, the hydroxide dissolves 
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very slowly. After the acid had stood some weeks in contact with an excess of 
hydroxide, the clear decanted liquid was evaporated over calcium chloride, when 
crystals of 4Zr0(C10 4 ) 2 HC10 4 were obtained The normal perchlorate was not 
obtained owing to hydrolysis The salt 4Zr0(C10 4 ) 2 HCIO4 can be dissolved in water 
and recrystalhzed without further change. Two mol. of the salt m soln. can dissolve 
two mol. of zirconium hydroxide, forming ZrO(OH) 2 9Zr0(C10 4 ) 2 , which is also 
crystalline When this salt is dissolved m water it furnishes the more stable salt, 
4Zr0(C10 4 ) 2 HCIO4. The radiating clusters of crystals of the less stable form were 
also obtained by heating perchloric acid with an excess of zirconium hydroxide 
on a water-bath, and cooling the sat soln The crystals were washed with a 
little water They are vexy deliquescent, odourless, soluble in alcohol, ether, 
benzene, chloroform, and carbon tetrachloride, but no crystals were obtained from 
these soln The crystals begin to decompose below 100°, and when slowly heated 
they mtumesce and give finally a white mass of zrrcoma , if suddenly heated they 
may explode with a sharp report 

G S. S6rullas ?5 prepared deliquescent needle-like crystals of manganous 
perchlorate by an analogous process. The crystals are soluble in absolute alcohol 
ft Roth’s analysis of the pale rose-coloured crystals corresponds with 
3VIn(C10 4 ) 2 6H 2 0 F Sabot has prepared hexagonal crystals of chromic per- 
chlorate. F. Terlikowsky obtained the same salt by dissolving the hydroxide m 
perchloric acid and evaporating the soln. under reduced press, over sulphuric acid 
The pale brownish-green crystals have a mean index of refraction 1*55, and they 
are slightly polychroic. R Roth’s analysis of the crystals corresponds with 
Cr(C10 4 ) 3 6H s O When heated the crystals become green, and melt at 94°. At 
109° (toluene bath), the salt loses water and perchloric acid ; and at 210°, it forms 
chromyl chloride and chromic acid The crystals are very deliquescent, the aq 
soln is violet, and on boiling the soln becomes green When the hot green soln. 
is slowly cooled, the violet colour is restored. R. Roth failed to get green crystals 
from the green soln cooled rapidly to a low temp — the violet form was always 
produced. The cause of the colour changes is analogous with those which occur 
with the chloride. The alcoholic soln. retains its green colour longer than the 
aq. soln. 0. F. Rammelsberg tried to make uranyl perchlorate by dissolving 
uranium hydroxide in perchloric acid, but when the attempt is made to crystallize 
the soln. by evaporation over cone sulphuric acid, the product decomposes into 
uranyl chloride 

G. 8 S6rullas also prepared crystals of ferrous perchlorate, Fe(C10 4 ) 2 6H a O, 
in an analogous manner, and H. E. Roscoe obtained the same salt by the action 
of iron on perchloric acid The green crystals are very deliquescent The water 
is not expelled at 100°, and the salt decomposes at a higher temp The soln. 
of ferrous perchlorate gradually deposits a basic ferric perchlorate on exposure to 
air A soln of ferric perchlorate, Fe(C10 4 ) 3 , is obtained by dissolving hydrated 
feme hydroxide in perchloric acid ; R Roth prepared very deliquescent almost 
colourless crystals of the salt which have the composition Fe(C10 4 ) 8 9H 2 0, and 
which dissolve in water, forming an intense yell 0 wish-red liquid. The colour of 
the crystals darkens at about 75°, and at 210° they decompose Indeed, almost all 
the inorganic perchlorates with water of crystallization decompose readily at 210°, 
which is approximately the b p of dihydrated perchloric acid. P. Groth prepared 
crystals of the nickel perchlorate by double decomposition of the sulphate with 
barium perehloiate ; and P Groth, F. Terlikowsky, and R. Roth prepared the salt 
by the crystallization from a soln of the hydroxide or carbonate m the acid. 
The bluish-green prismatic crystals have a composition corresponding with 
Ni(C10 4 ) 2 6H 2 0 , hut if dried over sulphuric acid, in vacuo, E. Terlikowsky gives 
Ni(Clp4)2 5H a O ; they are feebly polychroic, and belong to the hexagonal system. 
The index of refraction is 1'55. The crystals are very deliquescent, and can be 
dried by heating them in a current of dry air, or by confining them under reduced 
press over sulphurio acid The m p. is 149°. The solubility, S, expressed in terms 
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of tie number of mols of tie anhydrous percilorate m 100 molt* of water, and the 
sp. gr of tie t-oln. are according to F. Terlikowsky . 


S . 
Sp gr 


— 30 7 ° —21 3 ° 

6 2887 6 4314 


0 ° 7 5 ° 18 ° 26 ° 45 ° 

7 3048 7 4585 7 6901 7 8340 8 2765 

1 572G 1 6755 1 5760 1 5841 1 6936 


They are soluble in alcohol ; but if the salt has been heated over 103°, the product does 
not dissolve entirely in water or alcohol — possibly owing to tie formation of a basic 
salt or to decomposition — the yellow insoluble residue is soluble m nitric acid 
R. Roth treated an ammoniac al soln. of a nickel Balt with ammonium perchlorate 
and obtained pale blue octahedral crystals of a sparingly soluble salt, which, when 
recrystallized from ammonia wateT, have the composition of nickelous hexammino- 
perchlorate, Ni(NH3) 6 (C104)2- When heated, the salt detonates like ammonium 
perchlorate. Cobalt perchlorate is prepared in an analogous manner by dissolving 
the hydroxide in perchloric acid. According to R. Roth’s observations, the rose- 
red octahedral crystals have the composition Co(CI0 4 ) 2 6H a O, and they are rathei 
more deliquescent than the corresponding nickel salt. F. Terhkowsky represented 
the composition of the pale rose-red hexagonal crystals dried over sulphuric acid 
by : Co(C10 4 )o 5HoO ; and he found they were feebly polychroic The index of 
refraction is 1 5 j ; the m p. of the crystals is 143°, and they do not decompose 
at 103°. The salt is very soluble in water, acetone, and alcohol, but insoluble 
in chloroform. The sp. gr. of the aq soln , and the solubility, S, expressed as 
in mols of the anhydrous perchlorate per 100 mols of water, are : 

-30 7° <— 21'8° 0° 7 5° 18° 20° 45° 

S . 5*0536 6 3211 6*9983 7 1123 7 2444 7 9178 8 0328 

Sp. gr, . — — 1 6639 1 5658 1*5070 1 5811 1 6878 

Octahedral rose-red crystals of cobaltous hexammino-perehlorate, [GofNHg)^- 
(ClO^o, were prepared by R Roth in a similar manner to the nickelous salt* 
U AIvisi has prepared some luteocobalti ammonium perchlorate e, namely, golden- 
yellow cubic crystals of cobalfae hexammino-perehlorate, rCo(NH 8 )a](C10 4 ) 3 , and 
golden-yellow trigonal crystals of cobaltic hexammino-diperchlorato-chloride, 
[Co(NH 3 ) 6 ](C10 4 ) 2 C1, with the axial ratio a : c=l : 1*9300, <z=71° 20'. The foimer 
is obtained fcy heating aq. cobalt perchlorate with an excess of ammonium 
perchlorate and ammonia, and adding sodium or potassium permanganate until the 
liquid assumes a golden-yellow colour ; or by heating a soln of cobalt perchlorate 
with lead dioxide, ammonia, and an excess of ammonium perchlorate until the 
rnfSrr becomeB iateosely orange-yellow R Roth made crystals of 

[Co(N Hg) 5] (Cl 0 4 )j, by treating a soln. of luteocobaltic chloride with perchloric 
acid. The aq soln. when con c gives golden-yellow ootahedra. The crystals 
detonate when heated. When the soln. is treated with hydrochloric acid it 
yields crystals of the diperehlorate-ciloride ; and the same salt is formed in 
golden-yellow hexagonal plates by the interaction of cold sat soln. of ammonium 
perchlorate and luteo-cobaltiammine chloride This salt explodes when rapidly 
heated to 188 By analogy with the hexammmo-salts, the hexahydrated 
chromic, manganous, nickelous, cobaltous, and cupnc perchlorates are 
opposed to be hexaquo- Balts, [Co(H 2 0)e](C10 4 ) 2 , and [Cu(H 2 0) 6 ](C10 4 ) 2 , whole 
riL/xVS^ 1 * 3 ^ 6 ^ “sapposed to be cupric hexammino-diaquo-perchlorate, 
wm 4 * 2- x H 5 rdl ? lted femo perchlorate os likewise regarded as 
A number of organic perchlorates have been prepared 
by K. K, A. Hobold, 27 R. Roth, and A. G von Zedtwitz. 
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§ 18 . Periodates 

Although the periodates can be conveniently named m accord with the system 
indicated in Table III, decisive evidence is usually wanting to show whether some 
salts are hydrated forms of the salt of one acid, or acid salts of another acid. For 
example, it is not at all clear whether the penodate, 2Na 2 0 J 2 0 7 3H 2 0, is 
secondary sodium par a periodate, N&2H3IO2, or trihydxated sodium dimeso-periodate, 
Na^oOg 3H 2 0. In addition to the periodates, of the various periodic acids there 
are a number of complex salts and acids typified by the hexamolybdato-periodcUes , 
5M 2 0 .10O7 l^MoOg ; the ietramolybdato-penodates , 4M 2 0 .12O7.8M0O3, and the 
imnoinolyidate-periodaies , 3M 2 0 Jo0 7 2MoO s , where M represents a univalent alkali 
metal. Tungsten as well as molybdenum salts are known There are many analogies 1 
between periodic acid and penodates on the one hand, and telluric acid and the 
telluxates on the other. The solubilities of the alkali salts m both cases decrease in 
passing from the caesium salts to the very sparingly soluble sodium salts The 
highly basic Ag 9 Te0 6 and AgglOg axe prepared in a similar way. Both acids 
form complex ions, [Te0 6 ]^ and [I0J v 3 respectively, and there are analogous 
M 8 [re(Mo0 4 ) ( ,] and Mg^MoOJe], and M 6 [Te(W0 4 ) 6 ] and M 5 [IfW0 4 ) 6 ]. This is 
connected with the fact that the tendency of the acids to associate into complexes 
increases in the vertical series of the periodic table up to the formation of partly 
colloidal acids as occurs with the neighbours of iodine — tm (W. Mecklenburg), 
antimony (G. Jander), and tellurium (A. Rosenheim and Gr. Jander) — in the same 
horizontal series. 

The periodates of the alkali metals and ammonium. — C. F. Ra mm elsberg 2 
prepared white tetragonal crystals of lithium metaperiodate, LiI0 4 , from a 
soin. of lithium dimesoperiodate in periodic acid crystals. The crystals are 
isomorphous with the corresponding ammonium, sodium, and silver salts. The 
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axial ratio is a : c=l : 1 5272 The crystals are slightly soluble in water, and 
the soln. has an acid reaction When a dll. soln of periodic acid is neutralized 
with dil sodium hydroxide, a soln. of what is supposed to he sodium meta- 
pe no date is formed Sodium dimesopenodate dissolves m penodic acid with the 
separation of colourless tetragonal crystals of sodium metaperiodate, which, 
according to T Y Barker, are lsomorphous with the penodates of a mm oni um, 
lithium, and silver The crystals readily dissolve in water, fonouig an acid soln. 
The solid salt loses very little m weight when calcined at 190° , at 300° it changes 
to the lodate, and at higher temp into the iodide According to T Y Barker, the 
crystals of anhydrous sodium metaperiodate are lsomorphous with the corresponding 
ammonium, potassium, and rubidium salts Its sp gr at 16° is 3*865 (water at 
4° unity) ; and the mol vol is 55 37. The raising of the b p of wateT, determined 
by 0. Liebknecht, is 0 108 for soln. of 4 50 grms. in 100 grms of water, and 0 702° 
for soln with 16 88 grms of the salt in 100 grms of water From this it is inferred 
that the mol wt of the salt m soln. ranges from 125 to 130, corresponding with the 
ionization of two- thirds of the dissolved salt assumed to be the normal penodate. 
Crystals of dihydrated sodium metaperiodate, NaI 04 2H 2 0, or, according to 
P Walden, primary sodtum parapenodate f NaB^IOg, separate from the acid soln, 
between 50° and 60°, and lose about 14 5 per cent of water between 140° and 150°. 
Nitric acid soln. of sodium dimesoperiodate furnish trigonal, tetartohedxa] or hemi- 
hedral crystals of tnhydrated sodium metaperiodate, NaI0 4 .3H 2 0, with 
a c— 1 : 1 0942, and a=94° 8'. The sp. gr. is 3 219 at 18° (water at 4° unity) ; 
and the mol vol is 83 28 The double refraction is feebly positive P Groth 
gives a rotation of the plane of polarization of 23 3° for the D-line, for plates a 
millimetre thick and 47*1° for the ff-line According to W. G. Hankel and 
H Lindenberg the crystals show piezo- and pyro -electrical phenomena The 
crystals exhibit right- and left-handed circular polarization. If the mother liquid 
contains a great excess of sodium nitrite, says A S. Eakle, the left-handed form 
prepondeiates The crystals are lsomorphous with a mm onium penodate. The 
aq soln reaets acid The crystals effloresce in air, and lose water rapidly ; they 
become anhydrous over cone sulphuric add. At 200°, the crystals lose 18 68 per 
cent ;>f water ; at 300°, they form sodium lodate ; and the residue is neutral and 
free from iodide The aq soln reddens on exposure to air and forms the lodate. 
According to E. Pochard, sodium iodide reacts with soln of the metaperiodate : 
3NaI0 4 +2NaI+3H20=NaI0 8 +2Na2H s I0e+l2, followed by the secondary re- 
action . 2Na 2 H3l0 6 +l2=3NaI08+NaJ+3H20. 

Normal potassium penodate, i.e. potassium metaperiodate, KIO*, was pre- 
pared by A, Ihre, s by the oxidizing action of chlorine on a hot soln of potassium 
iodate and hydroxide, with the latter in excess According to 0. E Hammelsberg, 
it forms rhombic crystals lsomorphous with potassium perchlorate, but, according 
to T Y Barker, C. E. Hammelsberg mistook a specimen of potassium perchlorate 
for the penodate ; and the periodate foims tetragonal bipyramids. No rhombic 
form is known. The sp gr. of the salt is 3 618 at 13° (water at 4° unity), the 
mol vol is 63 60 100 grms of water dissolve 0“66 grm. of the salt at 13° and the 

soln has an acid reaction The sp. gr. of the sat. soln at 13° is 1 0051. According 
to 0 E Hammelsberg, the solid does not change at 200°, but at 300° it loses oxygen 
and foims the iodate ; and when calcined at a higher temp it forms the iodide. 
T Camelley and W. C Williams say the solid decrepitates at 389 e and melts at 
582°. J Philipp states that chlorine — hot or cold — has no action on a soln. of 
potassium metapenodate ; iodine has no action on the boiling soln., but is oxidized 
to iodic acid at 160°, and the periodate forms the iodate, KEOg. A soln. of 

P otassium metapenodate dissolves iodine forming a colourless soln. of iodate. 

otassium iodide also forms iodate, without the separation of iodine : 3 KIO 4 +KI 
=4EI0 3 

T. Y. Barker * prepared rubidium metaperiodate, EblO*, by a method similar 
to that employed for the potassium compound, and the colourless tetragonal 
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crystals are strictly isomorplious with potassium metaperiodate. The sp. gr. at 
16" is 3 918 (water at 4° unity) , the mol vol. is 70*56 100 parts of water at 13° 

dissolve 0 65 parts of the salt* and the sp gr. of the sat soln. at 16° is 1 0052. The 
chlorine oxidation process does not give a good yield of caesium metapenodate, for 
a great proportion is precipitated as iodate. H. L. Wells’ process gives better 
results He prepared normal coesmni periodate, that is, caesium metapenodate, 
CsI0 4 , crystallizing in well-defined rhombic plates which are not isomorphous with 
the corresponding compounds of xnbidiiim and potassium. The crystals of caesium 
metaperiodate have a sp gr. of 4 259 (water at 4° unity) ; and the mol vol. is 
76*04. 100 grms. of water at 15° dissolve 2*15 parts of the salt, so that the salt 
is relatively soluble in water. It can be readily recrystallized from hot water. 
The sp. gr' of a sat soln. at 15° is 1*0166. The acid salt, acid cmsium iodato- 
periodate, CsI0 4 HI0 3 , or HCs(I0 3 )I0 4 , crystallizes in soluble prismatic crystals 
from a boIu. of caesium penodate in dil penodic acid, in which the periodic acid has 
suffered a little reduction , or from a soln of caesium iodate and periodate n> 
periodic acid. 

0. P. Rammelsberg and T. V Barker made anhydrous ammonium metaper- 
iodate, NHJ0 4 , in tetragonal crystals which axe isomorphous with the corresponding 
sodium, potassium, and rubidium salts, and which have the axial ratio a c=l * 1 *5211 . 
The sp gr. of the salt at 18° is 3*056 (water at 4° unity) ; and the mol. vol. is 68 39. 
The salt is soluble in wateT, 100 grms of water at 16° dissolve 2 7 grms of the salt, 
and the sp gr of the sat. soln at 16° is 1*0178 The aq. soln has an acid reaction. 
When heated, ammonium metaperiodate detonates, forming lodme, oxygen, nitrogen, 
ammonia, and water. A. Ihre prepared crystals of what he regarded as trihydrated 
ammonium periodate, NH4IO4 3H 2 0 ; and C Langlois, crystals of the dihydrated 
salt, NH4IO4 2H 2 0. The crystalline form of the anhydrous alkali and ammonium 
metapenodates, says T, Y Barker, are extraordinarily similar to that of the minerals 
of the scheehte group, due, no doubt, to the similarity in the type of composition, 
KI0 4 and Ca\V0 4 , just as is also the case with certain other pairs of compounds — 
e.g . calcium carbonate and sodium nitrate ; and potassium perchlorate and banum 
sulphate. 

C. P. Rammelsberg found that if a soln. of lithium carbonate be nearly neutra- 
lized with periodic acid, a crystalline mass is obtained when evaporated m a warm 
place. 6 The crystals have the composition trihydrated lithium dimesoperiodate, 
Li 4 I 2 0 s 3H 2 0, which can also be regarded as secondary sodium parapenodate, 
LioH 3 IO fl . They lose no water at 10O Q , hut 9*28 per cent, is lost at 200°, and at 
275° oxygen comes off as well. 

Sodium dimesoperiodate, Na^Og.SHgO, or secondary lithium parapenodate, 
NagHglOg, has been crystallized from a soln. of sodium metaperiodate made alkaline 
with the hydroxide. P. Ammermuller and G Magnus 6 prepared it by leading 
chlorine into a soln. of equal parts of sodium hydroxide and iodate, and crystallizing 
from the boiling soln ; C. G. Lautsch led chlorine into a soln of iodine m potash- 
lye, until the dark-red soln. was decolorized ; on evaporating, crystals of the salt 
separated from the soln. ; P, Roques and A. Gemgross used a soln. of alkali hypo- 
chlorite in place of chlorine. M. Hohnel heated an intimate mixture of an excess 
of sodium peroxide with iodine (or sodium iodide) in a porcelain crucible until it 
had become red hot in one part — the flame is removed and the mass becomes hot 
without the evolution of iodine vapours. The iodide and iodate simultaneously 
formed axe leached out by washing with wateT, Sodium dimesoperiodate is very 
sparingly soluble in cold water, and but slightly soluble m hot water. According 
to A. Rosenheim and E. Lowenthal, this salt is readily soluble m water, 100 grms 
of the sat. soln. at 0°, 25°, 40°, and 100° contain respectively 0*104, 0*157, 0 187. 
and 0*434 mole* of the salt. The sat. soln, have a faint opalescence, but there is 
no other indication that a colloidal soln. is formed, such as A. Rosenheim and 
G. Jartder found to be the case with sodium telluiate, Ne^H^TeOfl. Sodium 
dimesoperiodate dissolves readily in nitric acid, and is decomposed by acetic acid. 
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foiraxng sodium iodate and formic acid. This salt does not lose its water over 
cone, sulphuric acid — according to C F. Rammelsberg, it loses 1*92 per cent, of 
its water at 185° , about 10 per cent, at 220° , and oxygen begins to come off at 270°, 
and sodium iodate is formed The residue remaining after it has been sintered is 
a mixture of sodium iodide and oxide According to A. Ihre, crystals of tetra- 
hydrated sodium dimesoperiodate, Na 4 I 2 0 g 4E 2 0, separate when ammonia is 
added to a soln of the metaperiodate ; they do not absorb carbon dioxide from 
the atm A Ihre obtained monoclmic crystals of what is thought to be hepta- 
hydrated lithium ammonium dimesoperiodate, (NH^gLisIgOfl 7H a O, by the 
addition of ammonia to a mixture of lithium nitrate and sodium metaperiodate. 
Part of the ammonia and water is lost at 100°. 

F Ammermuller and ft. Magnus crystallized potassium dimesoperiodate, 
K^Og 9H 2 0, from a soln of potassium metaperiodate made alkaline with potas- 
sium hydroxide , A Ihre triturated potassium metaperiodate with an alcoholic soln, 
of potassium hydroxide as long as the metaperiodate dissolved readily. Needle- 
hke crystals which separate from the soln belong to the tnclimo system and have 
axial ratios, a.b: o= 0 6763 : 1 : 0 7125 , a=97° 47 51/ ; j3~57° 35' , y=90° 12', 
This salt may be the trihydrated secondary potassium pai aperiodate, K 2 H a I0 6 .SH 3 0. 
The crystals lose nearly all their water over cone sulphuric acid C F Rammels- 
berg and A. Ihre say the crystals axe alwavB hydrated. F Ammermiiller and 
ft Magnus say anhydrous. The dry Balt loses from 76 to 77 per cent of oxygen 
when melted, and some iodine, forming what 0 F. Rammelsherg thought might be 
an oxyiodide, 2KI K z O , 100 grms of cold water dissolve 10*3 parts of potassium 
dimesoperiodate. According to J. Philipp, iodine converts the salt into the iodate 
and iodide : K 4 I 2 0 Q +l2— 3KTO s +KI ; and chlorine converts it mto the mefca- 
penodate : SK 4 I 2 0g+3Cl 3 — 6KC10 4 +KC10 8 +5KC1 C W Kimmms prepared 

tertiary dimesoperiodate, 3K a O 2I 3 0 7 H 2 0, that is, K 3 HI 2 O b , bv acidifying with 
a little nitnc acid the wash-water and mother liquid obtained m the preparation 
of potassium metaiodate The white crystals are very sparingly soluble in water. 
C. F. Rammelsberg 7 found crystals of tnhydrated ammonium dimesoperiodate, 
3H a O, to separate from a soln, of periodic acid m a large excess of 
ammonia. The colourless crystals belong to the trigonal system with the axial 
ratio a : c= 1 : 1 6118, and a— 78° 38' These crystals have also been regarded as 
secondary ammonium parapenodate, (hTB^gB^IO 

A Ihre 8 prepared sodium mesoperiodatd, NaglO^fH^O, by mixing a cono. 
alcohohc solution of sodium hydroxide with a warm cone soln. of the metaperiodate. 
E Muller also made it by the electrolytic oxidation of sodium iodate. Small 
hexagonal plates separate which absorb moisture and carbon dioxide from the 
atmosphere. According to C. W Kimmms, the composition of the sodium salt us 
NaglOfi HgQ The corresponding tetrahydrated potassium mesoperiodate, 
K3IO5 4H 2 0, is obtained in a similar maimer in rhomb ohedral crystals which lose 
their water at 180° 

0 F. Rammelsberg 9 prepared lithium parapenodate, Ia 5 I0 6 , by the feeble calci- 
nation of lithium dimesoperiodate up to the temp, at which the development of iodine 
commences When the sintered mass is leached with a little water, some lithium 
iodide is removed The salt Teadily dissolves in water, and furnishes a precipitate 
of the silver salt when treated with silver nitrate Trihydrated hthium dimeso 
periodate, Li^Og 3H 2 0, may also be regarded as secondary lithium parapenodate, 
Li20 3 IO 0 . According to A Rosenheim and E. Lowenthal, if a solution of a mol of 
periodic acid be gradually added to one containing two mols of lithium hydroxide, 
the precipitate first formed redissolves, and when the soln. is heated on a water- 
bath, microscopic spherulites of tertiary lithium paraperiodate, LigfLJOa, separate 
out. The crystals are very sp&Tingly soluble in water and the soln. has a feeble 
alkaline reaction towards litmus It a feebly acid soln be evaporated ovbi sulphuric 
acid, bipyxamidal crystals of secondary hthium parapenodate, Li£HgI0 6 , separate 
This salt is sparingly soluble in water, and the soln has a feebly acid reaction towards 
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hrau«? A Rosenheim and E Lowenthal altogether failed to prepare CL F. Ram- 
mekburg’s LilO* : and examined the system, LiOH— H^IO q— H 3 0, at 17°, and found 
that like da s hdhlolhnde Ltthiumtdhuate of A Rosenheim and G Jander, the 
lithium periodates form adsorption compounds whose composition is a function of 
the concentration of the sodium hydroxide It is remarkable, however, that with 
the ratio Li 2 0 I 2 0 7 =5 1, there is virtually no adsorption, and the progress of the 
curve indicates that the salts Li 4 I0 6 may possibly exist, but there are no breaks 
in the curve corresponding with the formation of such salts It is very doubtful 
if the salt Li 5 I0 6 , which C F Rammelsberg claimed to have made, has leally been 
pTepaied. Dihydrated sodium met a periodate, NaI 04 . 2 H 2 0 , can be regarded as 
primary sodium paraperiodate, NaH 4 IO G . The so-called secondary sodium para- 
penodate, Na 2 H 3 IO 0 , can also be regarded as trihydrated sodium dimesoperiodate, 
Na4l 2 0 9 3Ho0 P. Walden also prepared what he regarded as normal sodium 
paraperiodate, Na 5 IO Q If the secondary sodium paraperiodate (? c sodium dimeso- 
penodate) be crystallized from a strongly alkaline soln , six-sided crystals of 
tertiary sodium paraperiodates, Na 3 H 2 I 0 6 , are formed , if the soln, is but feebly 
alkaline, unchanged quadratic plates of the secondary salt separate. This salt was 
prepared by A Ihre and C W Kinrnuus E Lowenthal and A. Rosenheim 
examined the system NaOH— H 3 10 b — H 2 0 at 17°, and found that neither the 
secondary nor the teitiary sodium parupenodates showed colloidal chai actenstics, 
and that m aq. soln. no 9alt of higher basicity than the tertiary salt is formed 
P. Walden has measured the electrical conductivities of the sodium paraperiodate 
Balts. C. F. Rammelsberg’s secondary ammonium paraperiodate, (NH 4 ) 2 HsI 0 6 , 
may really be the trihydrated ammonium dnnesopenodate, (NB^h^Og 3H 2 0 , 
similarly the trihydrated secondary potassium paraperiodate, K 2 H 3 I0 Q -3H 2 0. 
may really be the secondary potassium dimesoperiodate A soln. of periodic acid 
when mixed with two eq. of ammonia m 25 per cent, soln., furnishes ihombohedral 
crystals of rhombohedral secondary ammonium pai apenodate, {NH 4 ) 2 H 3 I 0 6 As 
C, F. Rammelsberg showed, if the soln. be acidic instead of ammomaeal, it furnishes 
the metapenodate, NH 4 IO 4 . An aq. soln. of the former is alkaline, and one of 
the latter is acidic towards litmus. A. Rosenheim and E. Lowenthal obtained a 
still more basic ammonium paraperiodate, (NE^H^IO^ 2tH 2 0, by heatirg 
periodic acid with a great excess of 25 per cent, aq ammonia in a sealed tube to 
140°. Crystals are deposited as the soln. cools. Several periodates of organic 
bases have been prepared. 

Silver periodates. — By evaporating a soln of silver dimesoperiodate in warm 
nitric acid, F. Ammermuller and G, Magnus 10 obtained orange-yellow crystals of 
anhydrous diver metaperiodate, AgI0 4 ; and 0 W. Kimmins obtained the same 
crystals by heating hydrated silveT dimesoperiodate for six hours at 130° Both 
C. W. Kimmins and F W. Ferlunds regard the salt produced by the first-named 
process as monohydrated silver metapenodate, AgI0 4 H 2 0, which loses its water 
when heated six hours at 130°. When heated the crystals decompose into silver 
iodide and oxygen. When treated with cold v aber, they form a straw-yello w powder 
of trihydrated silver dimesoperiodate, A&IoOg 3H 2 0 ; with warm water, a red 
powder of monohydrated silver dimesoperiodate, Ag 4 l 2 0 e H 2 0 , and when boiled 
with water, or nitric acid, a little silver iodate, AgI0 3 » is formed as a sparingly 
soluble white powder. 

If silver nitrate be treated with a soln. of sodium dimesoperiodate in dil. nitric 
acid, and the pale greenish-yellow precipitate be washed with water acidified with 
nitric acid, and then dissolved in warm dil. nitric acid, the soln, furnishes, on 
cooling, straw-yellow tngonal crystals of trihydrated silver dimesoperiodate, 
Ag^IsOg.SHgO. The same salt is formed when the orange-red crystals of silver 
metaperiodate are digested with water , and a soln. of potassium dimesoperiodate, 
acidified with nitric acid. 

According to C W. Kimmirm , different salts are obtained by varying the concentration 
of the rutric acid. If the amount of Ultnc acid be just sufficient to effect the soln. of the 
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sodium periodate which is treated with silver nitrate, a dark-brown precipitate of secondary 
silver mesopenodate, Ag 2 HIO B , will be formed ; C. F. Reunmelsberg stated that this salt 
is silver mesopenodate, Ag 3 I0 5 , and is also ob tamed by treating tnhydrated silver dimeso- 
penodate with silver nitrate m the cold, but C W Kunming could only get Ag,HIO B 
If a slight excess of mtno acid be used to dissolve the sodium salt, a dark-red precipitate 
of secondary silver parapenodato, Ag 3 H 3 IO e , is formed — possibly Ag 4 I Jl O B .3H a O — and if 
a still greater excess of mtno acid be used a slat e - coloured precipitate of tertiary silver para- 
periodate , Ag 3 H a I0 # , is possibly formed — but the evidence is not satisfactory With cone, 
mtno acid, monohydrated silver metaperiodate t AgI0 4 H 2 0, is formed Similar results 
were obtained by C W Kimmins by the use of acidified soln of potassium dimesopenodate 
and silver nitrate 

The trigonal crystals of tnhydrated silver dimesoperiodate have the axial ratio 
a : c=l : 2 065 They become grey on exposure to light ; and when heated 
to 100° for 12 hrs., or repeatedly treated with warm water, they furnish a dark 
reddish-brown crystalline powder of monohydrated silver dimesoperiodate, 
AgJfcOg H 2 0. The crystals, when heated to 125° (F. W. Ferlunds), 130° (0 W. Kim- 
mins), or 150° (C. F. Rammelsberg), lose their water of crystallization and form a 
chocolate-brown powder of anhydrous silver dimesoperiodate, Ag^Og. The 
hydrated forms readily dissolve in warm mtno acid The silver dimesoperiodates 
decompose slowly when boiled with water According to C G Lautsch, 11 a mm onia 
precipitates a substance with the composition Ag 8 T 2 0 lly which A Rosenheim and 
0. Liehknecht and C G Lautsch regard as a mixture, not a compound. According 
to F W Ferlnnds, if a neutral soln of a periodate be treated with silver nitrate, 
or if silver dimesopenodate be boiled with water for a long time, silver mesoperio- 
date, Ag 3 I0 5 , is formed. 0 F. Rammelsberg considers that F. W Ferlunds 5 salt 
is a mixture of dimesoperiodate and parapenodato. A. Rosenheim and 0 Lieh- 
knecht prepared this salt by adding just enough nitnc acid to a suspension 
of sodium parapenodate in water to dissolve all the salt, and then treating the 
soln at 100° with a neutral soln of silveT nitrate ; and they also made this salt by 
treating a boiling Boln of secondary silver paraperiodate in dil. nitnc acid with 
freshly precipitated silver oxide, and filtering through asbestos. Black crystals 
of silver mesopenodate, AgsI0 6 , separate out on cooling the soln. According to 
A. Rosenheim and 0 Liehknecht, if secondary silver paraperiodate, Ag 2 H s I0 6 , be 
boiled with water , or, according to C. W. Eummins, if silver nitrate be added to 
a soln. of sodium parapenodate containing just sufficient nitric acid to dissolve 
the sodium salt, the chocolate-brown precipitate is secondary silver mesoperiodate, 
Ag 2 HI 05 

According to C G Lautsch, a salt of the composition (Ag a O) 4 I a 0 7 is formed when 
sufficient tnhydrated silver dimesopenodate is poured into a soln of nitrate to leave an 
excess of silver in soln. after the dark brown salt is precipitated. The product may he a 
mixture ; it can be heated to 150° without decomposition, and when the temp is raised, 
zt melts to a brown mass, and finally forms a mixture of silver and silver iodide. It is 
insoluble in ammonia , nitnc acid gradually converts it into tnhydrated silver dimeso- 
penodate 

C F. Rammelsberg says that normal silver paraperiodate, Ag 6 I0 6 , is formed 
by adding silver nitrate to a neutral soln. of an alkali periodate, hut A. Ihre, and 
C W. Klmminfl failed to get this salt by using sodium or potassium dimesoperiodates . 
C W Kimmma obtained what he regarded as secondary silver mesopenodate, 
Ag 2 HI 05 It is also obtained by boiling the dimesopenodate with water ; or 
treating it in the cold with silver oxide A Rosenheim and O. Liehknecht prepared 
normal silver paraperiodate, Ag 5 I0 6 , by treating secondary silver paraperiodate, 
Ag 2 H 3 I0 6 , with boiling water The colour of the precipitate changes from yellow 
to reddish-brown, and finally black, and the liquid becomes acid The normal 
silver paraperiodate then appears as a black crystalline powder ; the same com- 
pound is formed by treating secondary silver paraperiodate with ammonia Silver 
parapenodate is very dark brown on colour ; it is anhydrous and decomposes at 
about 200°, forming oxygen, silver, and silver iodide. It is soluble in nitnc acid 
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and ammonia. When the nitric acid soln. is cone by evaporation, crystals of 
trihydrated silver dimesoperiodate are formed. What is sometimes considered 
to be secondary silver paraperiodate, Ag 2 H 3 I0 6 , was first described by F. Ammex- 
muller and G, Magnus in 1833. It is obtained as a yellowish-green precipitate 
bv adding silver nitrate to a cone, nitric acid soln. of the sodium salt A. Rosenheim 
and 0 Liebknecht made it by suspending the sodium salt, Na 2 H 3 IO fl , m water, 
adding just enough nitric acid to dissolve it, and treating the soln with neutral 
silver mtrate at 20°. It can be recry stall lzed from dil. nitric acid soln This salt 
may really be the normal trihydrated silver dimesoperiodate, Ag4l 2 0 Q .3Ho0 
C. W. Kimmi ns also claimed to have made the tertiary silver paraperiodate, 
AggHoIOa, by adding silver nitrate to a soln of sodium paraperiodate, m a great 
excess of nitric acid as previously indicated 

Copper periodates. — A green powder is obtained when copper carbonate or 
hydroxide is treated with periodic acid C F Rammelsberg 12 gives the 
composition 5Cu0.I 2 O 7 .5H 2 O, that is, pentahydxated cupric paraperiodate, 
Cu 5 (IO 0 ) 2 .5H 2 O. The mother liquor also furnishes a ciop of crystals of the same 
salt when cone by spontaneous evaporation, later a crop of dark-green crystals 
of hexahydrated cupric dimesoperiodate, Cu 2 I 2 0 9 6H 2 0. This salt loses about 
5*18 per cent of water at 200° and becomes brown. By evaporating mixed soln. 
of cupric sulphate or nitrate with sodium metapenodate, M Bengieser, C Langlois, 
and 0. G Lautsch obtained a green mass, which when extracted with water left a 
bright green crystalline salt which had the composition 4CuO .I 2 0 7 H 2 0, that is, 
quaternary cupric paraperiodate, Cu 2 HIO 0 . C Langlois also made it by treating 
copper carbonate with an excess of periodic acid , and G W. Kimmins, by boiling 
secondary sodium paraperiodate or potassium dimesoperiodate with cupric sulphate 
The green crystals are verv soluble m nitric acid, and on evaporating this soln a 
bright yellow crystalline salt is formed which has not been identified Trihydrated 
secondary silver paraperiodate, CuHIO G 3H 2 0, is formed from mixed soln. of 
cupric nitrate and sodium metapenodate. A Werner regards this salt as tetra- 
hydrated hexohupnc periodate , [Cu(HO Cu.0H) s ](I0 4 ) 2 4H 2 0. F Giohtti has 
prepared copper diparaperiodate, Cr^IgOu H 2 0, by adding sodium metapenodate 
to copper sulphate or nitrate, ox secondary potassium mesoperiodate, K0HIO5, 
to copper acetate It is a greenish-yellow powder, which becomes anhydrous at 
120°. Copper metaperiodate, Cu(I04) 2 , is formed as a sky-blue precipitate by 
boiling a mixture of copper acetate and periodic acid, and the three copper para- 
periodate salts, Cu 5 (I0 6 ) 2 7H 2 0, Cu 6 (IOe) 2 5H 2 0, and Cu5(IO 0 ) 2 3H a O, are known. 
The first is obtained as a green powder by adding an excess of copper acetate to 
secondary potassium mesoperiodate, KgHIOs, and boiling the precipitate with 
ammonia , the second as a green powder by dissolving copper carbonate in aq 
periodic acid; and the third as a yellowish-green powder by dissolving copper 
dimesoperiodate in nitric acid, and boiling the liquid with cupric hydroxide. 

The periodates ol the alkaline earths. — C. F Rammelsberg 18 obtained calcium 
metapenodate, Ca(I0 4 ) 2) by the action of periodic acid on a soln of calcium hydroxide 
or dimesoperiodate, the solid separates on concentrating the acid soln ; similaily, 
when a soln. of strontium carbonate in an excess of periodic acid is cone, in a 
desiccator, large, probably tnclimc, crystals of hexahydrated strontium metapeiio- 
date, Sx(I0 4 ) 2 .6H 2 0, are formed. They lose 12*36 per cent of water when cone over 
cone, sulphuric acid, and the remainder at 100°. This salt explodes when heated , 
the aq. soln. has an acid reaction, and gives a precipitate when treated with ammonia 
When the attempt is made to concentrate the soln. of barium metaperiodate, 
BaflO^g, prepared in a similar manner, the dimesoperiodate is deposited when the 
soln. is cone , bo that the metapenodate has not been isolated in a solid state 

If an alkali periodate be treated with a soln. of a barium salt, C. F. Rammels- 
berg ** says that the soln. becomes more and more acid with sodium periodate : 
2NaI04+2Ba(N03) 2 4-H 2 0=Ba 2 l20fl-f-2NaN03-(-2HNO a ; but with potassium 
dimesoperiodate the soln. remains neutral The voluminous precipitate soon 



413 


THE OXIDES AND OXYACIDS OF CHLORINE, ETC. 

becomes crystalline, and is said to be barium dimesoperiodate, Ba 2 I 2 0g.7H 2 0, 
although the evidence is not decisive whether there are 6, 7, or 8 molecules of water 
of hydration The same salt is precipitated when baryta water is dropped into 
periodic acid until the mixture is distinctly acid ; and, according to C. Langlois, 
when baryta water is added to a soln of sodium dimesoperiodate. The hydrate 
loses water at 100°, leaving a residue which approximates to Ba^Og.S^O ; and 
at 240° it forms the anhydrous salt which decomposes at a higher temp , giving off 
oxygen and forming hanum lodate, Ba(I0 8 ) 2 , and at a still higher temp barium 
parapenodate, Ba 6 (IO fl ) 2 . According to H. A. Auden and G. J. Fowler, when 
heated to 388° in an atm of nitric oxide, NO, the salt is decomposed, giving off 
much iodine and forming hanum iodide. The hydrated salt is soluble m nitric acid, 
and, according to H. Hammerer, is not decomposed by a mixture of ammonia and 
ammonium carbonate, nor by boiling with ammonium sulphate or oxalate The 
corresponding strontium dimesoperiodate, Sr 2 I 2 0 9 . was made by C. Langlois, and 
C. F Rammelsberg m a similar manner , and calcium dimesopenodate, Ca 2 I 2 0 g , 
with 7 or 9 molecules of water of hydration was obtamed by M. Bengieser and 
0 Langlois. The white prismatic crystals of the hydrate become anhydrous at 
200° to 250°. The crystals aTe soluble in water 

When a soln of calcium dimesopenodate is treated with ammonia, a gelatinous precipi- 
tate is formed to which O F Rammelsberg attributed the formula 8CaO 3I a 0 7 4-Aq. j 
A. Ihre obtained a mixture of two compounds under these conditions With banum dune- 
sopenodate, C F Rammelsberg stated that reddish crystals, corresponding with 
5BaO 3I 2 0 7 18H 2 0, are formed C F Rammelsberg (186 S) and G Q Lautsch also reported 
a compound 5BaO 2I a 0 7 6H z O These precipitates are probably mixtures of oxide and 
periodate. 

A. Ihre prepared barium mesoperiodate, Bas(I0 6 ) 2 , and also strontium mesa 
periodate, Sr 3 (I0 6 ) 2 , by adding ammonia to a dll. aq Boln of sodium metaper- 
iodate, and dropping the mixture into a soln of barium or strontium nitrate as 
the case might be : SSi(N0 3 )2+2Na 4 I 2 Og=Sr 8 (IO5) 2 +2NaIO4-f-6NaN03 

When banum lodate is heated to a high temp , C. F. Rammelsberg 15 found 
that a basic periodate, 5BaO I 2 0 7 , that is, normal barium paraperiodate, Ba 5 (I0 6 ) 2 , 
is formed : 5Ba(I0 3 ) 2 ===Ba 5 (IO fl )2+4I 2 +90 2 Normal strontium paraperiodate, 
Sr 5 (I0 6 ) 2 , and normal calcium paraperiodate, Ca 6 (I0 6 ) 2 , are formed in a similar 
way When the yellow mass ib leached with water it yields up to one per cent, of 
banum iodide, and the white residue is insoluble in water and soluble in dil. nitnc 
acid The soln. in mtno acid gives a precipitate of normal silver parapenodate, 
AgglOe, with silver nitrate. The yellow mass obtamed by calcining the lodate has 
been stated to contain a compound of banum iodide with banum peroxide, which 
forms the penodate when treated with water. For if an intimate mixture of hanum 
iodide and barium peroxide be heated in a long-necked flask, the mixture melts 
and reacts vigorously, much iodine is evolved, and a yellow mass is finally obtamed, 
which, according to 0. F. Rammelsberg, has the composition I.2Ba0 2 , and which, 
when treated with water, forms the penodate : 16Ba 2 I0 4 +4H 2 0=4Ha(OH) 2 
+3BaI s +5Ba 6 (I0 6 ) 2 C. F. Cross and S Sigiura found that when the vapour of 
iodine m a stream of dry air, is passed over the oxides or carbonates of the alkaline 
earths, periodates are formed, but no iodide or oxyiodide. Similarly, by heating 
banum iodide in a stream of dry air until no more iodine is given off, 0 173 grm. of 
the iodide yielded 0*098 grm. of the periodate . 5BaI 2 -l-602=4l2+Ba5(I0 6 )2. 
Hence, under the conditions of these experiments, barium parapenodate is the 
most stable compound of the three elements concerned Banum carbonate and 
iodine vapour do not yield the penodate if air he excluded ; and the formation of 
penodate begins only when dry air is admitted. Hence, say C. F. Cross and 
S. Sigiura, the formation of periodate is here referable not to the direct replacement 
of oxygen by iodine, and the subsequent oxidation of the iodide thus formed, but 
rather to the oxidation of iodine itself (a supply of nascent oxygen being deter- 
mined by the presence of air and barium oxide), and the union of the oxidized 
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iodine with banum oxide. Similar remarks apply to the action of iodine vapour 
and dry air on strontium and calcium oxides, but in a less marked degree, owing to 
the inferior stability of the products. Barium parapenodate is decomposed when 
heated m a stream of hydrogen, for min g water and a mixture of barium iodide 
and oxide. 

The periodates ol beryllium, magnesium, zinc, cadmium, and mercury. — 
A. Atterberg 16 reported the formation of crystalline plates of beryllium meso- 
periodate, Be^IOsta with 11 and 13 molecules of wateT of hydration, the fonner, 
by crystallization from the soln. of beryllium carbonate in periodic acid ; and the 
latter, by adding beryllium sulphate to the mother liquor which remains The 
crystals are not very soluble m water ; they dissolve in nitric acid ; both hydrates 
lose water at 100°, leaving 5H 2 0 still combined ; and on boiling with water they 
decompose, forming a basic salt which remains undissolved, and an acid salt which 
passes into soln , and which gives a glassy mass when evaporated to dryness. A 
soln. of magnesium carbonate in periodic acid furnishes a sparingly soluble hydrated 
residue, 4MgO J 2 07 , and a soln. which furnishes crystals of magnesium metaperio- 
date, Mg(I0 4 ) JOH^O, which are soluble in water, and have an acid reaction 17 
0. Langlois obtained magnesium dimesoperiodate, ilg 2 I 2 0 9 , with 12 (C. Langlois) 
or 15 (C. F. Rammelsberg) molecules of water of crystallization, m small prismatic 
crystals — probably monoclinic — by concentrating a neutral soln. of magnesium 
carbonate in periodic acid C. F. Rammelsberg obtained the same compound 
from the soln. obtained by mixing sodium mesopenodate and magnesium sulphate. 
The crystals lose water about 100°, leaving a residue approximating Mg 2 l20 a .3H 2 0 ; 
the water of hydration is not lost over cone sulphuric acid If a feebly acid soln, 
of magnesium carbonate in periodic acid be evaporated, in addition to magnesium 
dimesoperiodate, and metapenodate, crystals of magnesium diparaperiodate, 
MgJsO ii 6H 2 0, are formed ; or maybe the acid mother liquid, remaining after the 
separation of the dimesoperiodate, gives an amorphous precipitate of approximately 
Mg 4 .IuOn. 9 H 2 O, when partially neutralized with sodium carbonate. 

The periodates of sane reported by C. Langlois and C F. Rammelsberg 18 axe 
not well defined , many appear to be basic precipitates, and there are reasons fox 
doubting their individuality, since their composition is based upon chemical analysis 
alone. By treating zinc oxide with a slight excess of periodic acid, C. F Rammels 
berg obtained white pulverulent hexahydrated zinc dimesoperiodate, Zn 2 l20 9 6H 2 0 , 
and C. Langlois by using zinc carbonate in periodic acid prepared zinc diparaperio- 
date, Zn^aOxi-HfcG, and a soln of this salt m periodic acid gave crystals of the 
basic salt, 3ZnO 2I 2 0 7 .7H 2 0, which A. Hire believes is not a mere mixture. 
C. F. Rammelsberg prepared the basic salt : 5ZnQ.2l 2 0 7 1LH 2 0, by the double 
decomposition of zinc sulphate and sodium periodate ; and, by adding ammonia 
to the mother liquor, obtained an amorphous precipitate : 9ZnO 2I 2 0 7 I2H 2 0. 

G. F. Rammelsberg 10 reported the formation of cadmiu m metapenodate, 
Cd.(I 0 4 ) 2 , as an anhydrous white powder, when cadmium carbonate is treated with 
hot periodic acid, and the precipitate washed and dried ; if a little free acid be 
present, trihydrated cadmium diparaperiodate, Cd 4 I 2 0u.3H 2 0, is said to be formed 
The white precipitate formed when sodium metaperiodate is dropped into ca dmi um 
sulphate is said to furnish pentahydrated cadmium mesopenodate, Cd 8 (I0 5 ) 2 5H 2 0, 
when washed in cold water and dried in air ; and the mother bquor when evaporated 
spontaneously gives small rhombic crystals of enneahydrated cadmium dimeso- 
periodate, Cd 2 I 2 (V9H20, with the axial ratios a : b : c=0 595 : 1 : 0 795 The 
crystals are not soluble in water, and form the yellow dipara-salfc when boiled in 
water. C. W. Kimmins treated secondary sodium diparaperiodate or potassium 
dimesoperiodate with cadmium sulphate, and he considered the resulting brown 
powder to be secondary cadmium mesopenodate, GdHIO fi ; the analysis agrees 
equally well with Cd^Og.HaO. 

M. Ben gieser and C. F. Rammelsberg obtained a yellow precipitate of mercurous 
periodate by treating a soln. of mercurous nitrate with sodium metapenodate ; 
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C Q. Lantech uses a so In of sodium dimesopenodate acidified with a drop of mtrio 
acid in place of sodium metapenodate According to C« G-. Lautsch, the precipitate 
is mercurous paraperiodate Hg 6 I0 6 , and, according to C E Rammelsberg, mercurous 
dipara'periodate , Hg^Ou It is soluble in nitnc acid, and the mercurous salt 
becomes mercuric , ammonia converts the piecipitate into a black powder. Sodium 
metapenodate gives a precipitate of mercuric diparaperiodate, Hg 4 I 2 0 n , when 
treated with mercunc nitrate, but not with mercuric chlonde, C Gk Lautsch used 
sodium dimesopenodate in place of the metapenodate ; the same salt is made by 
treating freshly precipitated mercunc oxide with periodic acid This salt is reddish- 
orange, soluble m hydrochloric acid ; less soluble in nitric acid. When the soln. 
m mtnc acid is much dil with water, the salt is reprecipitated m the crystalline 
state. An excess of ammonia redissolves the precipitate If a soln. of potassium 
dimesopenodate be gradually added to an ttq. soln of mercunc chlonde, a bright 
orange- red piecipitate is formed. 21 The precipitate retains its colour when dried 
at 100° , and it has an empirical composition corresponding with 5K 2 0 lOHgO. 
6I2O7 

A. S Eakle 22 crystallized trihydrated aluminium metaperiodate, AlflO^ 3H 2 0, 
from mtno acid soln in colourless ootahedia P. T Gleve 23 precipitated a white 
mioxoorystalline dihydrated lanthanum mesoperiodate, LaK> 6 2H 2 0, by adding 
periodic acid to a soln of lanthanium acetate, but not lanthanum nitrate. P T. Cleve 
also obtained an amorphous precipitate of tetrahydrated samarium mesoperiodate, 
SmlOg 4H 2 0, of sp. gr 3*793 at 21*2° With yttrium acetate, two yttrium, perio- 
dates were obtained ; the first is formed as an amorphous and white piecipitate : 
3Y 2 0 3 2 I 2 07 . 6 H 2 0 , by adding an excess of yttrium nitrite to periodic acid ; yttnum 
acetate gives a precipitate with periodic acid, which dissolves in an excess of the 
acid, and the soln furnishes nnerocrystals of tetrahydrated yttrium mesoperiodate, 
YI0 6 .4H 2 0 

C. E. Rammelsberg 24 obtained a pale-brown insoluble thallic periodate, 
STlgOg I fl 0 7 30H 2 0, by thB action of periodic acid on thallic oxide, TI 2 0 3 The 
compound is decomposed by potash lye , thallous 'periodate has not been made A 
yellowish-white precipitate is formed when thallous hydroxide is treated with 
periodic acid, ot when sodium dimesopenodate is added to the soln of a thallous 
salt The precipitate is reddish-yellow when dried, and appears to be a mixture 
of thallous and thallic iodates. 

The periodates of lead reported by C. E. Rammelsberg are prepared by 
methods which are so empirical 26 that the individuality of the products cannot 
in many cases be regarded as established. The salt, 3PbO I 2 0 7 2H s O — may- 
be dihydrated lead mesoperiodate, Pb s (I0 5 ) 2 2H 2 0 ; or lead diparaperiodate, 
PbaH^Oo^ — is obtained as a white crystalline powder when lead nitrate is treated 
with potassium dimesopenodate, or sodium paxapenodate It becomes yellow 
when heated, and at 140° very little water is lost ; and on farther heating it decom- 
poses into iodine, oxygen, water, lead iodide, and oxide P. Giolrtti prepared 
monohydrated lead mesoperiodate, Pb a (I0 6 ) 2 H 2 0, by boihng a soln of secondary 
lead mesoperiodate in dll mtno add with lead oxide. According to C. W. Kimmina, 
it forms the anhydrous salt, Pb 3 (I0 5 ) 2 , after being heated for some hours at 275°. 
Dihydrated lead mesoperiodate is sparingly soluble in water, readily soluble in 
mtno acid ; and if the mtnc acid som. be concentrated, it furnishes a dark yellow 
powder of lead mesoperiodate, Pb 3 (IOg) 2 ; the same salt is obtained when lead 
nitrate is added to mtno acid soln. of the alkali periodates. Anhydrous lead meso- 

C idate is very hygroscopic, the dihydrated salt is not. C. W, Kimmins ob tamed 
metaperiodates Pb(I0 4 ) 2) by boiling lead mesoperiodate with nitric acid for 
some time, a small quantity of an amorphous red salt being obtained which is difficult 
to separate completely from the yellow mesoperiodate E. G-iolitti regards the 
precipitate which is formed when a soln. of lead acetate, acidified with acetic acid, 
is added to a cold soln. of potassium mesoperiodate, not as the mesoperiodate, 
EbaflOgta^HjA but as secondary lead mesoperiodate, PbHI0 6 H 2 0 E. G-iohtti 
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also prepared quaternary lead paraperiodate, Pb 2 HIO e , by boiling the mesopenodate 
with water foi a long time 

1\ T Cle\ e 26 prepared an insoluble thorium periodate by adding periodic 
acid to a thorium salt soln. ; and periodic acid produces a precipitate of cerous 
periodate when added to cerous acetate The precipitate rapidly becomes 
yellow 

C. F. Bammelsberg 27 (18GB) failed to mate manganese periodate ; he found 
that when an alkali periodate is added to a spin, of a manganese salt, or periodic 
acid to manganese carbonate, a mixture of hydrated manganese dioxide and 
manganous iodate is formed. W. B. Price obtained an intense red precipitate 
when a soln. of alkali periodate or periodic acid strongly acidified with sulphuric 
(or nitnc) acid is added to a soln of manganese sulphate (or nitrate) strongly acidified 
with sulphuric (or nitnc) acid. The precipitate forms slowly in the cold, rapidly 
at 45*. In this way W B Price prepared manganato-sodium diparaperiodate, 
Na 2 Mn 2 I 2 Oii ; equivalent to Na2l 2 0 11 .Mn 8 (I 2 0 11 )3, or to Na 2 0 Mn 2 0 3 .1 2 0 7 , 
manganese tervalent , mangaimto-potaisiiim diparaperiodate, K 2 Mn 2 0 2 Iix The 
precipitate does not develop in neutral soln , it is not acted on by boiling water or 
boiling acid , and an excess of manganese salt acts as a reducing agent These 
salts may be regarded as diparaperiodates, derivatives of diparapeTiodic add, 
HgloOjx/ with six hydrogen atoms displaced by two tervalent manganese atoms. 
They may also be regarded as complex salts of a manganato -periodic acid, 
HoMnoBOn, evidence of the formation of which is obtained with soln contammg a 
great excess of free acid. This acid may be regarded as manganic diparaperiodate 
C. F. Bammelsberg 28 found that when uranium tetrachloride is treated with 
potassium periodate, a greenish-grey precipitate of uranous periodate is formed, 
which soon passes into yellowish-white uranyl periodate. According to C F. Bam- 
melsberg 29 the pale yellow precipitate obtained by M. Bengieser by adding potassium 
periodate to a ferrous salt is not ferrouh penodate, as was at first supposed, but 
rather a ferric periodate. This salt is soluble m nitnc acid Ferric mesoperiodate, 
FeI0 5 .llH 2 0, appears as a yellowish-brown precipitate when a feme salt is 
treated with potassium periodate. 0 W. Kimimns, however, claims to have pre- 
pared ferrous paraperiodate, Fe 5 (I0e) 2 , as a bnck-red precipitate, by adding a 
soln. of potassium dimesopenodate to ferrous sulphate and a light-brown powder 
of secondary ferrous paraperiodate, FeEyOs, by adding a soln. of secondary sodium 
paraperiodate to ferrous sulphate On treating secondary sodium paraperiodate, 
or potassium dimesopenodate, with ferric chloride, a light-brown precipitate is 
formed, which, when dried at 100°, is a reddish-brown powder which has a com- 
position corresponding with tertiary ferric dimesopenodate, FeHI 2 0 e Boiling 
dil. nitric acid has no appreciable effect on the salt, but when boiled with cone, 
nitric acid, it forms ferric metaperiodate, Fe(I0 4 ) s , as a yellow powder. 

C. F. Bammelsberg 30 (1868) found that when nickel carbonate is treated with 
periodic acid, a green soln is obtained, and a mixture of mckel dioxide, iodate, and 
penodate remains undissolved ; when the green soln is evaporated at a very low 
temp., or over cone, sulphuric acid, pale green quadratic prisms are formed The 
analyses are not satisfactory, varying from 7Ni0.4I 2 0 7 -f(49 to 63)H 2 0 The 
crystals are insoluble in water, soluble in periodic acid When the soln. is heated, 
it forms nickel hydroxide and nickel iodate. 0 W. TCimmina has reported nickel 
mesoperiodate, Ni 3 (I0 6 ) 2 , as a greenish-yellow amorphous precipitate formed by 
treating a mckel sulphate with secondary sodium paraperiodate No action occurs 
in the cold, but on boiling a flocculent precipitate separates from the soln A 
bluish-green gelatinous precipitate is formed when a soln. of potassium dun eso- 
periodate is treated with nickel sulphate ; when dried at 100°, the black crystalline 
salt nickel dimesopenodate, Ni 2 I 2 0 9 , is formed No other salt was obtained by 
boiling the nickel periodates down with nitnc acid. C. G. LautBch 81 obtained a 
greenish-yellow powder om evaporating a soln. of sodium periodate with an excess 
of cohalt sulphate to which the composition 7 Co 0.2I 2 07 has been assigned. 
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C. E. Rammelsberg failed to prepare a cobalt ‘periodate , but always obtained a mixture 
of oxide and lodate 

Complex acids and salts. — Periodic acid forms a senes of complex salts and 
acids similar to those obtained with iodic acid. Chromato-compounds have not 
yet been prepared, but three senes of molybdato- and tungstato-periodates are 
known A. Rosenheim and O. Liebknecht * 2 and C W\ Blomstrand have made 
alkali hexamolybdato-periodates of the type formula, 5M 2 0 I 2 0 7 12Mo0 3 ; and 
the hexatungstato-periodates of the alkalies and alkaline earths with the type 
formula, 5M 2 0 I 2 O 7 12W0 3 ; C W Blomstrand has made ammonmm tetramolyb- 
dato-periodate, 4(NH 4 ) 2 0 1 2 0 7 8 M 0 O 3 7H 2 0 , and A. Rosenheim and O Liebknecht 
and C. *W Blomstrand have made sodium and ammo mum monomolybdato-perio- 
dates, 3M 2 0 I 2 0 7 2 Mo 0 3 8H 2 0 : and ammonium and sodium monotungstato- 
periodates, 3M 2 0 I 2 0 7 2WO s R E. Weinland and O. Koppen have made csesrnm 
fluoro-penodate, 2CsIO4.3BiF.HfiO, analogous to the flu or 010 dates. 
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CHAPTER XX 

TEE ALKALI METALS 
§ 1. The History oi the Alkali Metals 

The burning matter of salt has greater affinity for other substances still moie foreign 
with which it will combine, leaving the metal of salt pure The tian&mutation of salt 
is affected by much craft and cunning, leaving a good metal the result, and which is like 
no other metal, but the art is not known to common men - — Roger Bacon (c 1250). 

The cleansing properties of an aq. extract of the ash of vegetable matter were 
known to the ancients , it was also known that the filtered or decanted liquid is 
charged with a salt which remains at the bottom of the vessel after the evaporation 
of the water. This salt was calledT neter Jeremiah (2 22) referred to this substance 
in the seventh century before our era His term neter, translated mtre , is derived 
by the scholars from natar, which makes neter or mtre mean a substance which 
effervesces. In one of Solomon's sharpest Proverbs (25. 20), the reference to the 
commotion which ensues on mixing mtre with vinegar shows that natron, what 
we now call sodium carbonate, was in the writer’s mind The neter of the Hebrews, 
the mtre of the translators, the nitron — vlrpoi — of the Greeks and the nitrum of 
the Romans, thus refer to the same thing. 

In his Meteorology, Aristotle said that the Umbrians extracted a salt from the 
ashes of reeds and bulrushes Other references m the writings of Aristotle, Dioaco- 
ndes, and Pliny 1 leave no doubt that the term nitrum referred to impure forms of 
potassium carbonate For example, we are told thar mt/um was obtained by the 
lixiviation of the ashes of the oak, wme-lees, the vine, and other plants which we 
know to furnish impure potassium carbonate — cmeres clavellati — and in some 
cases, sodium carbonate; the impure sodium carbonate derived from the tiona 
deposits and saline lakes of Egypt was also called nitrum The saline efflorescence 
on walls — sal murale — must have been noticed at a very early period, and the 
ancients, who sought medicinal virtues in all natural bodies, must have collected 
and examined the properties of this saline mass which they also called nitrum . 
The alkaline efflorescence of the soils in hot countries was lixiviated from the earth, 
and called nitrum . These efflorescences contained variable amounts of saltpetre. 
Four different substances — potassium and sodium carbonates or nitrates — were 
thus confused under one term The ancients, indeed, were very prone to include 
many different substances under one name, even when these substances corre- 
sponded with one another only m a few accidental particulars , in some cases, also, 
special terms were employed to designate not different substances but accidental 
varieties of one substance 

There can he no doubt that the nitrum of ancient writings must have been in 
some cases an alkaline carbonate, which in their nomenclature was confused with 
saltpetre. It is not known when saltpetre was definitely recognized as somethiig 
different from the ordinary nitrum It is commonly supposed that saltpetre was 
a component of Greek fixe invented near the end of the seventh century. The 
first definite reference to saltpetre appears in literature m connection with the 
preparation of gunpowder. Albertus Magnus and Roger Bacon, of the thirteenth 
century, both refer to this salt, and probably both derived their information from 
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the *ame Arabian eource 3 It is not improbable that gunpowder was invented 
by the Hindus, for, m their country, saltpetre occurs abundantly in the village 
soils. The recipe for gunpowder was probably brought into Europe by the 
Saracens via Africa about the twelfth or thirteenth century About this time too 
the term sal petrce — the salt of the rock — came to be applied particularly to that 
form of nitrum which alone could be used as one of the chief ingredients of gun- 
powder, and Greek fire. The later alchemists also employed the term sal mtn 
for the same salt. According to J. Beckmann, the term nation or natrium arose 
from a modification of the pronunciation of the old term nitrum m the patens of 
the East. The term natron was then applied to the native nitrum (sodium carbonate) , 
and the latter term, altered to nitre — a synonym for saltpetre — was reserved for 
sal pctrcD . 

The tenn natron first appeared in European writings 2 towards the end of tnt, 
sixteenth century, although natrum was used in the tenth century for the mineral 
alkali by the Persian writer Abu Mankur MuwafFak m a work on The principles 
of pharmacology (Hirow, 97 j) 3 The half-vitnfied ashes of certain plants, e g 
glasswort, were cultivated and introduced by the Arabians into Europe foT making 
glass, soap, dyes, etc. Those plants first used were called by various names, e.g 
herha hah, where kali is the Arabian term for ashes — kalay, to Toast. 

The scholars tell us that the term lah was probably derived, by the Arabians 
from the Sanscrit It appears to have been the Hmdu name for a destroying goddess 
who had numerous arms and red-palmed hands ; her eyes were red, and her face and 
breasts were besmeared with blood. The name Calcutta is derived from Kahghat, meaning 
“ Kali’s landing-place ” 

The term lah with the al prefix referred to the half-vitrified ashes, and hence the 
salts obtained from the ashes of plants were called alkaline salts as well as nitrum 
The term sal aldiali for the ashes of sea-plants appears in the writings of the Latin 
Geber about the thirteenth century ; and the same term was also employed fox the 
ashes of land-plants. It is known that the former furnishes a large proportion of 
sodium carbonate, the latter potassium carbonate. Later on, in order to distinguish 
these salts from ammonium carbonate, they were termed fixed alkalies, and 
ammonium carbonate was called volatile alkali. 

The difference m the two forms of fixed alkali — if it was noticed at all — attracted 
no particular attention until J. Bohn 4 (1683) found that two different kinds of 
crystals of saltpetre were obtained from salt and from wood ashes ; and G E. Stahl 
(1702) showed that the alkali in common salt is different from that in wood ashes. 
H. L Duhamel du Monceau (1736) also recognized a diff erence between potash 
and soda ; hut A S. Marggraf (1762) demonstrated clearly the essential difference 
between the properties of these two bases. He noted that the sulphates obtained 
by the action of sulphuric acid on common salt and on the fixed alkali obtained 
from wood ashes, are different — the former is more soluble m water than the latter 
The nitrate derived from the base of common salt crystallizes in cubes , the nitrate 
from vegetable alkali crystallizes in prisms The former colours a flame yellow, the 
latter blue. The chlonde of mineral alkali is co mm on salt ; the chloride of vegetable 
alkali is the digestive salt of Sylvius . The carbonate of the min eral alkali is not 
deliquescent in air, the carbonate from vegetable alkali is deliquescent. The two 
alkalies were distinguished by using the term vegetable alkali for potassium 
carbonate, and mineral alkali for sodium carbonate. It was generally supposed 
that the alkali occurred only in burnt plants, but in 1781, J C. Wiegleb showed 
that the alkali is present m fresh plants When M. H. Klaproth (1797) 5 s h owed 
that the PJlanzenalkali — vegetable alkali — occurred in many minerals, the term 
potash (English) or potasse (French), was applied to this particular base ; the word 
is a corruption of pot-ash — the ash or residue of the pot — in reference to the pre- 
paration of nitrum by the evaporation ® in pots of the dear lixiv ium from wood 
ashes. The Germans use the term Kali. M. H Klaproth also proposed to co nfin e 
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the term natron to mineial alkali sodium carbonate The English eq. for natron 
is soda , and the French, soude The word soda is supposed to be derived from the 
Latm solida, a solid, through the Italian soda, a term applied in the Middle Ages to 
all alkalies, and particularly to the ashes of the glasswort, barilla, or salaola, which 
were used m making glass and soap The first letter of the word kali is used by 
all chemists as the symbol for potassium and the first two letters of the word natron 
for sodium 

The chemists or alchemists gradually acquired a knowledge of the various salts 
produced by the action of acids on nitrum ; and of the transformations of the 
various salts from one form to another, by the action of acids on the different 
Balts — e g sulphuric acid on sodium chloride. The carbonates of the alkalies were 
called mild alkalies to distinguish them from the caustic alkalies . It was known 
quite early that the caustic alkalies are obtained by the action of quicklime on the 
mild alkalies , for example, the Latin Geber 7 and ATbertus Magnus of the thirteenth 
century knew that the ash of plants furnished a caustic alkali when treated with 
quic klim e and water The process is essentially that employed to-day 

Potassium and sodium. — A L. Lavoisier 8 iegarded the alkahes and earths 
as simple substances which, with increasing knowledge, may prove to be complex. 
In the second part of his A New System of Chemical Philosophy (London, 1810), 
J Dalton considered the metallic oxides potash and soda to be simple elements, 
and the metals potassium and sodium to be compounds of potash or soda with 
hydrogen H. Davy refuted J. Dalton’s argument, and later remarked : 

In my opinion, Mr Dalton is too much of an Atomic Philosopher, and m making atoms 
arrange themselves according to his own hypothesis, he has often indulged m vain specula- 
tion the essential and truly useful part of his doctrine . is perfectly independent 
of any views respecting the ultimate nature either of matter or its elements. 

We are told by H. Davy that, m 1790, M. Tondi attempted to obtain the constituent 
elements of these earths by heating a mixture of the oxide with carbon. In some 
cases he obtained metallic reguli H. Davy also pointed out that G. E. Stahl 
approached very nearly to the discovery of the pure alkalies, for he exposed a 
mixture of solid caustic potash and iron filings to a long-continued heat, and stated 
that m this way an intensely caustic alkali — valde causticum — is produced. The 
oxides were not definitely resolved into their elements until 1807, when H. Davy 
isolated potassium and sodium by the electrolysis of their hydroxides 

About the middle of the thirteenth century, Roger Bacon, m his Ars Omnia, 
made some references to the metal of salt? and this has been considered to refer 
to the early discovery of the metal sodium. Roger Bacon also said that the ,c metal 
of salt ” can transmute other metals into gold. This, adds G. F. Rodwell, proves 
that no reliance can be placed on the assertion , and, further, since the same writer, in 
his Be mirahili potestate artis et natures, seems to hint at the steam or some equivalent 
engine, at a diving apparatus, at a flying machine, and at a kmd of elixir vttco, 
it might be maintained with equal force that these engines and specifics were 
likewise known to the ancients. If one statement be accepted literally, other 
statements made by the same author under like conditions have a right to similar 
treatment. This leads to palpable absurdities. 

To take an individual passage from an obscurely written work, and to found on it the 
claims of its author to some great discovery attributed to a much later period, is a very 
pernicious practice, and can lead to no good result 

Lithium. — I lithium oxide was discovered by A. Arfvedson, in 181 7, 10 while 
analyzing the mineral petakte. His report was entitled : Unterstcchungen einiger 
hei der Bisen-Onibe von Ut6 wrkommenden Fossilien und von emem da/nn gefundenen 
neuen f&uerfesten Alkali . He found the sodium to be contaminated by an alkali 
which, unlike potassium, was not removed as a precipitate by treatment with 
tartanc acid, and, unlike sodium, it formed a sparingly soluble carbonate The 
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name lithium ib derived from the Greek Xifoos — stony — because it was believed, 
at the time of its discovery, that its presence was confined to the mineral kingdom, 
but R. Bunsen and G Kirchhoff showed that the element is generally distributed 
m the animal and vegetable kingdoms, as well as in the mineral kingdom. 
A A rfvedson's discovery was confirmed by L Is. Ynuquelin in 1818 A. Axfvedson 
and C, G. Gmelin failed to isolate the metal by heating the oxide with iron or 
carbon ; or by the electrolysis of its salts — probably because too weak an electric 
current was employed H. Davy succeeded in isolating a minute quantity of the 
metal by the electrolysis of lithium chloride , and m 1855, R Bunsen and 
A Mattb lessen obtained the metal in quantity, and examined its chief properties 

Cfiesium and rubidium. — R. Bunsen and G. Kirchhoff (I860), 11 while investi- 
gating the min eral waters of Duikein (Palatinate), evaporated down 40 tons of 
the water, and removed the alkaline earths, and hthia with ammonium carbonate 
The filtrate showed the spectral lines of sodium, potassium, and lithium, “ and 
besides these, two splendid blue lines ” near to the blue strontium line. R Bunsen 
and G. Kirchhoff add 

As no elementary body produces two blue lines m this portion of the spectrum, we 
may consider the existence of this hitherto unknown alkaline element was thus placed 
beyond doubt. The facility with which a few thousandths of a milligram of this body may 
bo* recognized by the bright blue light of its incandescent vapour, even when mixed with 
large quantities of more common alkalies, has mduced us to propose for it the name caesium 
fand the symbol Csl, derived from the Latin coestus, used to designate the blue of the clear 
sky. 

Although spelt ccpsium, the true spelling should be caesium, 12 - as originally done by 
R. Bunsen, in conformity with the orthography of the Latin term Thus, in his 
Nodes AtticcD (2. 26), Aulus Gelhus said : Nostris autem vetenbus ccesia dicta est , 
quee a Grcecis , yXauKoms, ut Nigidus ait , de colore cceh quasi coeha 

Agam, R. Bunsen and G. Kirchhoff found on extracting the alkalies from lepi- 
dolite (Saxony), and washing the precipitate obtained by treating the soln of the 
alkalies with hydro chi oroplatinic acid with boiling water a number of times, the 
residue finally gives £ ' two splendid violet lines ” between those due to strontium 
and to potassium as well as a numbeT of other lines m the red, yellow, and green 
portions of the spectrum. R Bunsen and G Kirchhoff say : 

Xone of these hues belong to any previously known body. Amongst them are two 
which are particularly remarkable in lying beyond Fraunhofer’s line in the outermost 
portion of the red solar spectrum. Hence we propose for this new metal the name rubidium 
{and the symbol JRb), from the Latin rubidits, which was used to express the darkest red 
colour 
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Franckfurth, 255, 1702 ; H, Davy, Phil Trans , 98 1, 333, 1808 ; 99 39, 1809 , 100 16, 1810 

* J Calvert, Chem News, 13 260, 1866; G. F Rodwell, tb , 14 25, 1866 

l * A Arfvedson, Schwcigger’s Joum , 22 93, 1818, 84. 214, 1822; Ann Chim. Phys (2), 
10 82, 1819 ; L N Vauquehn, i 6., (2), 7. 284, 1818 ; C. G Gmehn, Gilbert's Ann , 62. 399, 1819*. 
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64. 371, 1820 ; R Bunsen and A Matthiessen, Liebig's Ann., 94 107, 1856 ; R- Bunsen and 
G. Kirchloff, Phtl Mag , (4), 20 97, I860 

11 R Bunsen and G Kirchhofi, Sitzber Alai Berlin, 221, 1860 , 273, 1861 ; Pogg. Ann, 
113 337, 1861 , 119 1, 1863 ; Liebig's Ann , 122 347, 1862 ; 126 367, 1863 , Phil. Mag., (4), 
22 330, 1861. 

18 H Moisaan, Trailt de chimie minerals.. Pans, 3. 2, 1904 


§ 2. The Occurrence of the Alkali Metals 


According to the estimate of F. W Clarke (191 6), 1 the rooks, etc, of the half- 
mile crust of the earth contains the following percentage amounts : 


Soda, Na a O 
Potash, 
Lithia, LioO 


Igneous rocks. 

ShaleB 

Sandstones 

Limestones. 

Average 

. 3 30 

1 30 

0 46 

0 05 

3 25 

. 2 99 

3*24 

1 31 

0 33 

2 98 

. 0 01 

. — 

— 

— 

0*01 


and from the average composition of the known, terrestrial matter that there is 
present 2*36 per cent of sodium and 2 28 per cent of potassium The data for 
caesium and ruhidium are not complete enough to enable reliable estimates to be 
made of the relatively small quantities present in the earth’s crust. According to 
E Pnngsheim, there is no evidence of the existence of rubidium or caesium in the 
sun ; there are very faint lines of potassium , while lithium and sodium axe well 
represented m the spectral lines S Datta has established the presence of 
potassium in the sun. 

Potassium and sodium. — Potassium and sodium occur in the various soda and 
potash salts indicated in the list of minerals in the Stassfurt deposits The alkalies 
also occur m sea water, in the water of the inland lakes, and in the waters of various 
springs — Tables XIV and XV. There are also tremendous deposits of rock salt — 
sodium chloride — in various parts of the world , m Chili and Peru, there are the 
deposits of soda nitre, NaNO s , which also contain some potash salts ; in Greenland 
there are the deposits of cryolite, 3NaF.AlF a > and in the sites of many dried-up 
lakes there axe deposits of sodium carbonate, sodium sulphate, ot sodium calcium 
borates. In India, Egypt, Persia, Hungary, Italy, etc , the soils about old village 
sites contain relatively large quantities of potassium nitrate. These alkalies occur 
in various silicate and alu mi no -silicate minerals The more important are the 
potash felspars, micas, leucite, glauconites, and alumtes Potassium is usually 
accompanied by sodium The analyses indicated in Table I illustrate the com- 
position of these minerals. 


Table I — Analyses op Silicate Minerals 



Potash 

felspar. 

Loucite 

Muscovite 

Glauconite 

Alunlte 

(pink). 

Alunlte 

(white) 

Silica, Si0 2 ' . 


64 98 

60 23 


46*68 

1 92 

19*34 

Titanic oxide, Ti(\ . 


nil 

2 27 

161 

— 

— 

— 

Alumina, Al a O, 


19 18 

11*22 

26 23 

1146 

37*62 

37*37 

Feme oxide, Fe 2 0 3 . 


0 33 

6 34 

3 81 


0 26 

0*27 

Lime, CaO 


0*20 

6 99 


2 49 

— 

— i 

Magnesia, MgO 


0-25 

7 09 


1 27 

— 

— . 

Potash, K a O 


12*79 

9 81 

4 41 

0 90 

9*61 

6*68 

Soda, Na a O 


2 32 

1-37 



1 12 


Loss on ignition 


0 48 

2 65 

4 31 

9 66 

13*19 

13*86 

Sulphur trioxide, SO, 


— 

— " 


— — 

30 76 



Clays contain from about half to five per cent. In British fireclays, the amount 
of potash, K 2 0, is commonly from three to four times the amount of soda, Na 2 0. 
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N^/irlv ci]I i'liiL'it f 1 ? contain some sodium, and there arc several silicates which 
contain n latiwdy large quantities — e g. soda felspar or albite ; the soda-lime felspars 
— c o labradurite * sodalite , neplieline , analcnne ; lapis Lazuli , etc 


Albite 

Kx^heline 

Sodalite 


SIO* 
r,7 7U 
37 22 
37 06 



28 32 
30 9G 


re a o* 
0 21 
0 51 
0 86 


MgO 
0 14 
0*07 


CaO 
0 22 
4 40 
0 46 


K a O 
0 54 
0 18 
0 74 


Na a O 
10 05 
19 43 
22 93 


Water 

0 47 
4 07 

1 10 


This nepheline also contained 6 12 per cent of carbon dioxide, and the sodalite 
5 34 per cent, of chlorine. Sodium is also found m limestones, dolomites, asbestos, 
talc, ironstones, and various other minerals — vide sodium carbonate. 

The alkaline lakes of Nevada and South California give sodium carbonate on 
evaporation. “ Natural soda/’ also called after the Egyptian term trona , or the 
Mexican term urao , has been extracted commercially at Owen’s lake. Trona from 
that district has a composition corresponding with Na2C0 3 .NaHC0 3 2H a O These 
alkalies also occur m soils whence they have been derived from the weathering and 
decomposition of rocks. Only a fractional part of the total alkali is in the soluble 
form, and accessible to plants as food. The soluble potash salts are selectively 
absorbed and retained by soils the soluble sodium salts are scarcely absorbed at 
all 2 In consequence, soluble sodium salts are much more readily leached from 
soils (and clays) than soluble potassium salts The soluble portion of a soil normally 
contains more potassium than sodium salts, since the latter will have been leached 
away by percolating water. In illustration, the soluble matter of 12 soils picked 
at random contained from 4 to 6 times more potassium than sodium salts. The 
potash salts axe an important constituent of plant food ; all fruitful soils contain 
soluble potash salts. Plants also preferentially absorb potash salts, and this is 
equally true of marine and land plants. In the absence of potash, the plant cannot 
assimilate the sodium, rubidium, or caesium salts 3 In fact, lithium, potassium, 
csesium, and rubidium salts seem to act on vegetable life as poisons in. the absence 
of sodium salts. The ashes of plants thus contain potassium combined with the 
constituents of the plant in some form, and this compound is decomposed largely 
into potassium carbonate on ignition. Much of the sodium in plant ashes is in an 
insoluble form, and has in some cases thus escaped recognition. While the potash 
salts in plants are confined to certain organs, the sodium salts appear to be uniformly 
diffused through the whole organism. Seaweeds, and plants grown near the sea, 
contain salts, and the ashes of such plants may or may not contain more soda than 
potash. H L Duhamel du Monceau 4 sought to find if the difference in the pro- 
portion of the two alkalies in the ashes of plants is a characteristic of the plant itself, 
or due to the nature of the soil on which it grows * and with the aid of L. C. Cadet, 
he was able to prove that when the plant salsola grows near the sea, the ash contains 
much soda , but if grown further inland, the ash gradually gains in potash, and 
loses m soda ; and B. Corenwinder showed that the reverse obtains when inland 
plants are grown nearer the sea. The ash of many seaweeds, however, contains 
more potash than soda. Before the advent of the Stassfurt salts, the preparation 
of potash salts from the ashes of seaweeds was a flourishing industry in Scotland, 
which dated back to 1730. The soluble salts in the ash of the seaweed collected 
on the west coast of Scotland contained about 30 per cent, of potassium salts and 
12 per cent, of sodium salts ; that collected on the west coast of Ireland contained 
about 38 per cent, of potassium salts and 17 of sodium salts. 

B. Palissy, in his Tratti des sels divers et du sel commun (Paris, 1580), showed 
that the ash of the bark of trees is richer than the inner wood in alkaline salts, 
In illustration, the bark of the oak has 0 42 per cent, potash, Kj.0, the wood 
0 15 per cent. Similarly, for the beech — bark 0 15, wood 0*06 per cent. ; for the 
maple — bark 0*67, wood -—0T2 ; spruce — barkO 12, woodO 04. These numbers also 
show how large a quantity of wood would be needed for the production of con- 
siderable quantities of potassium carbonate. If all the contained potash could be 
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recovered from the ash, tx ton of anhydrous potassium carbonate would require 
from 400 to 500 tons of wood Some plants have larger amounts of potash than 
wood — e g. thistles and vines about 0 5 per cent , ferns about 0*6 per cent ; nettles 
have 2*7 per cent , wormwood, 7 3 per cent. 

The potash which many herbivorous animals draw from the plants on which 
they feed is excreted from the skin as sweat. With sheep, the potash is largely 
re tamed m the wool in a form called sumt or wool fat . The suint furnishes the 
eq of about 5 per cent of potassium carbonate, calculated on the total weight of 
the wool Most parts of animal bodies and animal fluids contain sodium chloride ; 
and when ignited furnish an ash which contains 5 to 75 per cent of sodium chloride. 
Lithium, sodium, potassium, rubidium, and csesium have all been reported m solar 
spectra. 5 Lithium, Tubidium, and caesium are widely diffused in nature, but in 
rather small quantities They have all been reported as constituents of certain 
mineral springs 6 G- Kirchhoff and K Bunsen found 0 0391 grin of lithium chloride, 
0 00021 grm of rubidium chloride, and 0 00017 grm of caesium chloride in a litre of 
the mineral water of Durkheim. The waters of Aachen, Assmarmshausen, Baden- 
Baden, Bad-Orb, Bfling Ems, Egger-Eranzenbad, Hombeig, Karlsbad, Kissmgen, 
Kreuznach, Manenbad, Salsomaggiore, Salzschlnf, Sciacca, Selters, Tarasp, Wheel 
Clifford, and Wildbad have been reported to oontaon lithium ; those of Aussie, 
Bourbonne-les-Bams, Hall, Haute Marne, Kissmgen, Ems, Kochbrunnen, Nauheim, 
Selters, Theodorshall, Ungernach, Vichy, and Wildbad to contain rubidium ; and 
those of Auss<§e, Baden-Baden, Bourbonne-les-Bams, Ems, Erarikenhausen, Hall, 
Kreuznacher, Monte Catino, Monte Dor§, Hauheim, Vichy, and Wheal Clifford to 
contain csesium. These elements have also been reported in the ashes of many 
plants — eg. tobacco Lithium has been reported in the ash of seaweed, cocoa, 
coffee, sugar cane, etc. ; rubidium in the ashes of beet-root, coffee, tea, oak, and 
bSech ; in crude tartar, and in the mother liquid from the extraction of the Stassfurt 
salts. Lithium has also been reported in milk, human blood, and muscular tissue , 
and in meteorites, soils, and sea water. L. de Luise found lithium in some salts 
of Vesuvian fumaroles. 

Lithium occurs in small quantities m a great many minerals. L. Dieulafait 7 
has given a list of about 140 minerals containing this element. Spodumene, 
lepidohte, triphylite, lithiophylite, amblygonite, natroamblygomte, petahte, and 
sickerlite are the most important sources of this element 

Petalite is an aluminosilicate approximating LiAlfS^Og^ ; it usually contains 
2 to 5 per cent, of lithia, Li 2 0. The monodimo crystals are rare ; it usually occurs 
in foliated masses, white-tinged red or grey. Sp. gr , 2 5 ; hardness, 6. It is not 
attacked by acids Spodtunene or triphane is another ahiminosilicate approxi- 
mating LiAl(SiO s ) 2 ; and containing from 4 to 8 per cent, of lithia. It occurs in 
mono clinic prisms, and also massive. Its colour may be white, grey, green, yellowish- 
green, or blue. Sp gr., 3 0 , hardness, 7. It is not attacked by acids. There are 
two gem- varieties — Tiiddenite, which is yellowish-green or emerald-green ; and kunztie, 
Eucryptite iB an aluminosilicate approximating LiAlSiO^ winch contains from 
2 to 10 per cent, of lithia. It occurs in hexagonal crystals, white and transparent. 
The sp gr is 2 6. The average values of some analyses are as follows : 


• SiOj Al*O s 

Petalite . * . 77 62 16 6b 

Spodumeno * • 63*66 26 24 

Eucryptite . . 48*46 40 60 


ITegOa 

0 20 

CaO 

MgO 

K a O 

0 21 

ffaaO 

1*46 

U*0 
3 42 

1 36 

0*48 

101 

0 72 

0 77 

6 05 

0 02 

— 

— 

0*47 

— 

10 90 


There are several varieties of mica which contain this element ] lepidolite, one 
of the simplest, has the type-formula RaAI(SiOa)B, and it contains from 4 to 6 per 
cent of lithia. It occurs in scaly masses, the crystals are monoclinic , red, violet, 
grey, yellow, or white in colour , sp. gr., 2*8 , hardness, 2 5. After calcination, 
it is decomposed by hydrochloric aoid with the separation of gelatinous silica. A 
vanety found in pegmatite veins (Wisconsin) is called irvmgite ; another rather 
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more complex mica 'with about 2 5 per cent, of lithia is called coolccite . Another 
complex lithia mica called zinnwaldlte occurs m the tin deposits of Zinnwald and 
Erzgebirge Its analysis approximates to (KoLi) 3 FeAl 3 Si 5 0 ie(OH 3 E) , and it con- 
tains 3 to 4 per cent of lithia, and it crystallizes in the monoclimc system , the 
colour may be violet, yellow, brown, or grey ; its sp gr. is 3 0 , and its hardness 2 5. 
An emerald-green variety with 4 to 5 per cent of lithia, called cryophyhte, comes 
from Massachusetts ; and a dark grey ferruginous variety with about 3 per cent 
of lithia and sp. gr 3 14 to 3 19, called rubenghmmer, comes from Saxony The 
average values of some analyses are as follows : 


Ltjpidolite 

Einnwaldit© 


SiO* 
50 bl 
49 02 


A1 2 0, 
25 13 
19 36 


Pe*0. 
042 
8 75 


K*0 
12 27 
11 85 


NajO 
1 08 
0 44 


Li 2 0 

4 88 
4 13 


H*0 E 

1 56 — 

1 68 7 '30 


A number of complex phosphatic minerals contain up to 10 per cent of lithia. 
Triphylite forms rhombic crystals of a greenish or bluish-grey colour — if the colour 
is yellowish-brown or salmon, the mineral is called litbiophylite. Its composition 
approximates 4(Fe 2 Mn)P0 4 , with 8 to 9 per cent, of lithia ; sp. gr., 3*5 , hardness, 
4 5 ; and it is soluble in hydrochlonc acid. The mineral alters by weathering, etc , 
forming what are called heterosite , pseudolnplUe, aluandite , and nalrophylvte, which 
also contain more or less lithia Amblygonite is a fiuorophosphate, approximating 
Li(A 1F)P0 4 , with 8 to 9 per cent, of lithia. It occurs m trichmc crystals coloured 
white, \ ellow, grey, brown, or green Its sp gr. is 3 0 ; hardness, 6 The powdered 
mineral dissolves m dil sulphuric acid. Natroamblygomte, corresponding with 
NaAl( 0 H)P 04 , usually has 3 to 4 per cent, of lithia. A more complex mineral called 
sicMentc contains 3 to 4 per cent of lithia. The average values of some analyses . 


Triphylite 
Latmophylite . 
Amblygonite . 


*1*0. 

Fe*0* 

CaO 

MgO 

ITa.O 

Li a O 

H.O 

P*0 K 


40*23 

0 10 

0 S3 

0 20 

8 15 

0 87 

43 

18 

— 

14 44 

— 

— 

0 29 

9 26 

0 17 

45 

22 

33 79 

— 

— 

— 

1 88 

1 83 

4 18 

47 

94 


The lithiophvlitehad also about 32 per cent and the tnphyhte about 9 per cent, 
of manganese oxide, MnO All the minerals have about one per cent of insoluble 
earthy gangue. 

A mineral called cryophyhte , from Massachusetts, is an impure lithia cryolite, 
3(LijNa)F A1F 3 , or 3 LiF 3NaF 2A1F 3 . It contains 5 to 6 per cent, of lithia A 
red or pink gem variety of tourmaline called rubellite contains lithia. Small quan- 
tities of lithia have also been reported in beryl, leucite, lepidomelane, anorthite, 
enstatite, biotite, muBcovite, phenacite, psilomelane, heulandite, epidote, scapohte, 
phlogopite, pinite, cryolite, orthoclase, richterite, basalt, etc Rubidium and csesium 
occur in many of the lithia minerals — -e g lepidolite may contain up to 3 per cent, 
of rubidia and 0'7 per cent, of csesia ; beryl has been reported with up to 3 per cent 
Cffisia. Traces of these elements have been reported in carnallite, leucite, mica, 
orthoclase, lithiophylite, triphylite, spodumene, leucite, etc. The very rare mineral 
rhodizite, found in minute crystals — cubic system — on tourmaline in the Urals, 
is regarded as an aluminoborate of caesium, rubidium, and potassium approximating 
RjjO 2A1o 0 3 3B*0 33 where the alkali bases, R 2 0, aggregate about 12 per cent. 
Its crystals resemble those of boracite. Its sp gr is 3 4 , hardness, 8 The mineral 
pollux, or pollucite, is regarded as a hydrated csesium sodium alumimum silicate 


Elba 

Hebron 


810* 
44 03 
43 48 


AlfOt Fe.O, 

J5 97 0 08 

16 41 — 


CaO 
0 68 
0 21 


Na t O 
3-88 
1 72 


Cs*0 
34 07 
36 77 


H.O 
2 40 
1-53 


It has 30-36 per cent of cassia, it forms colourless cubic crystals ; sp gr , 2-9 , 
hardness, 6'5. Small quantities of pollucite occur in the granites of Elba ; and at 
Hebron (Maine). The sample of pollucite from Hebron (Maine) also contained 
0-47 per cent of K 2 0 , and 0*03 per cent of LijO 
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In connection with c cesium, it is interesting to note that C F Plattner, m 1845, 
was not able to make his analysis of the mineral pollux (from Elba) add up to 100 
per cent , and he sought in vain for the missing element In spite of adverse 
criticism, C. F. Plattner 8 insisted upon the general accuracy of his work, although 
it must have demanded some self-control to publish the Tesults A man imbued 
with less faith in his work would have suppressed the results as absurd Not so 
Plattner. He waited. After E, Bunsen and G. Kirchhoff had discovered csesium, 
F. Pisam (1864) showed that C. F Plattner had mistaken csesium (at. wt 132 ’8) 
for potassium (at wt 39 11) By making the corresponding correction, Plafctner’s 
analysis was found to be quite satisfactory. 

To make this quite clear, suppose that 5 grms. of a compound, supposed to be potassium 
chloride, are obtained This will be multiplied by 0 631 to get the eq. amount, 3 16 grms. 
of K 3 0 , but if the compound be CsCL, not KC1, then the weight must be multiplied by 
0 835 to get the corresponding amount, 4 18 grms of Cs fj The analysis would thus appear 
to be 4*18 less 3T6, that is 1*02 grms too low if the 5 grms of cesium chloride were 
mistaken for potassium chloride This is a remarkable tribute to the accuracy of Plattner’a 
analysis 
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§ 3. The Potash Salt Beds 

In the thirteenth century, and earlier, the salt or brine springs — called sool — 
near Stassfurt furnished the surrounding country with a certain amount of salt — 
sodium chloride. The first sool wells were built there in 1452, and in his De 
ortu et causis sulterraneorum (Basil, 1546), G. Agricola expressed the opinion 
that these springs must have their origin in underground layers of salt ; but the 
remark passed unheeded until the supplies from the salt springs had become inade- 
quate for the needs of Prussia. In 1838, C J. B. Karsten 1 reported that sool 
springs no doubt obtained their salt from rich subterranean saline beds which 
would piobably be reached by making deep borings in the vicinity of the brine 
wella Accordingly, a boring was started m 1839 m the hope of finding deposits 
of rock salt of a good quality. When the saline bed was reached in 1843, at a 
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dentil of about 70S feet, tbe salt was found to be a mixture of magnesium and 
potassium compounds , and from later borings, the existence of compact layers 
of rock salt was demonstrated, but “ unfortunately, 5 said B. von Cotta, 2 “the 
Stds b fmt ruck salt appears to be mixed with much magnesium and potassium salts 
and Luracite " , and the question was discussed whether it was really worth while 
to n*>k the great expense in working a shaft in order to mine this '* hy no means 
pure salt/’ 

Borings show that the deposits underlie the country around Stassfurt, near the 
Harz mountains, m Prussian Saxony, over an aiea of about 100 sq. miles, and 
extend from Mecklenberg in the north, to Thuringia in the south, and Hannover 
in the west 3 A commencement m shaft sinking was made m 1851, and rock salt 
was mined. The overburden of potassium and magnesium salts had to he cleared 

m order to reach the rock 
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1919, 946,000 short tons were produced, 264,000 were sold abroad, and the 
remainder satisfied about 41 per cent, of home requirements 


Year. 

Domestic sale 0 , 
tons 

Foreign sales, 
tons 

Total sales, 
tons 

Percent used m j 
agriculture 

Percent, used in 
industry 

1910 

460,618 

346,473 

807,091 

1 

88 3 

11 

7 

1911 

627,822 

441,941 

969,763 

90 5 

9 

5 

1912 

531,422 

524,514 

1,105,936 

89 5 

10 

5 

1913 

664,711 

566,095 

1,221,406 

90 4 

9 

6 

1914 

591,590 

402,797 

994,387 

91 2 

8 

8 

1915 

623,807 

123,947 

747,754 

92 0 

S 

0 

1916 

797,548 

174,825 

972,373 

94 1 

5 

9 

1917 

958,625 

146,084 

1,104,709 

95 7 

4 

3 


The consumption of potash, K^Q, in agriculture during 1913 in Germany was GS9,713 
tons , Belgium, 14,501 ; Holland, 47,826 ; France, 36,426 , United Kingdom, 25,572 , 
Luxemburg, 442 , Austria, 23,072 ; Hungary, 4508 , Switzerland, 3639 ; Italy, 6990 , 
Russia, 24,920; Spain, 9122; Portugal, 1365 ; Sweden, 21,465; Norway, 3953 ; Denmark, 
S222, Finland, 1766; Balkan States, 218; Asia, 6281 , Africa, 4807; United States, 
254,859 ; Canada, 1513 ; the remainder of North and South America, 10,140 ; and 
Australia, 2739 

Other potash deposife. — In 1904, J. Vogt and J. B Gnsez discovered potash 
deposits in Upper Rhine while some borings were being made at Wittelsheim in 
Alsace in quest of coal 5 The deposit is composed of two layers separated by a 
band of rock salt about 60 ft. thick, and it is reported that the bed occurs m the 
plain bounded by the Jura on the south, by the Vosges on the west, and on the 
cast by the Rhine, and to extend as far as the suburbs of Mulhausen The secondary 
beds of the same formation stretch across the Rhine into Baden. The lower more 
important bed occurs at a depth between 650 and 1000 metres, it is on the average 
4 metres thick, and occupies an area of 200 sq. kilometres ; the upper less important 
bed lies 15 to 25 metres above the other bed. Both beds are nearly horizontal and, 
for the most part, contain sylvimte, and above them is a bed of rock salt 250 metres 
thick. The upper bed averages 30 per cent KOI, the lower one 35 per cent. KCL 
The whole deposit contains about 15,000,000,000 tons of material with an average 
of 22 per cent K 2 0, or the whole deposit contains over 300 million tons of K 2 0. 
There is also a deposit of less importance in Austrian Galicia 6 The beds have 
been worked some years, but axe not sufficient to provide for Austria-Hungary, 
since that country imported 21,000 tons from Germany in 1913. Important 
deposits were found, m 1912, at Suria, in the salt district of Cardona (Catalonia) 
in Spain, and they have been described in a pamphlet Sales Potasieas en Cataluna 
(Madrid, 1914). 7 Some samples of caliche in the Chilean nitre beds contain appreci- 
able quantities of potassium nitrate. 8 A small quantity of potash haB been obtained 
from mines in Kheura (Punjab) in India. 9 There is a deposit m a recent lacustrine 
formation at Eritrea (Somaliland) The reserve is small, but the deposit is rich 
80 per cent, potassium chloride In Chile, in the Lakes Pintados and Bella Vista, 
in the provinces of Atacama and Tarapaca, there are deposits with from 3 to 36 per 
cent, of chloride ; the reserves are estimated at two million tons. There are Also 
undeveloped deposits in Pem, Russia, Morocco, Overyssel (Holland). In Brazil 
there is said to be a deposit with 89 per cent potassium nitrate. 1 * 3 

The brines of the Lonar Lake, Buldana district, India, 11 are said to contain 
0 1 per cent, of potash calculated on the soluble salts In Tunis, south of Gabes, 
there is a salt-lake worked since 1915, primarily for bromine ; a crude potassium 
chloride— 40 per cent. K 2 0 — called seblcaimte, is obtained by solar evaporation and 
crystallization. In 1917, 20,000 tons were produced The brines of several alkali 
lakes and ponds in Western Nebraska contain appreciable quantities of potash — 
the brine is reported to contain tbe eq of about 3 per cent of potash (K 2 0), and 
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the sohil residue imj of 15 per cent K 2 COg, and 33 per cent of K 2 SO 4 . It is also 
suspected that potash deposits m dned-up lake beds will be located m the vicinity 
of Magum (Oklahoma ). 12 J. W. Turrentme has compiled analyses of 168 samples 
of the brines of the United States, and the percentage KgO m the solid residues 
ranged from 0 89 to 12T9 per cent. The deposits about Stassfurt, however, are so 
large compared with all other sources of supply that up to the arrest of supplies 
in 1914, the Germans have had practically a monopoly of the potash trade of the 
world 

The composition of the Stassfurt salt beds. — The deposits about Stassfurt 
may very roughly be grouped in a senes of strata indicated m Fig. I . 13 Starting 
from a basal layer of anh\ dnte and gypsum there axe * 

(1) Hack '‘till btd . — An immense basal bed of aUae& Stunsalz — older rock salt — broken 
up at fairly regular intervals with two- to five-inch bands of anhydrite, CaS0 4 

(2) Pulyhahtc btd — Above the basal salt is a layer of rock salt, sometimes 200 ieet 
thick, mixed with 6 or 7 per cent of polyhalile , 2CaS0 4 MgS0 4 K 2 S0 4 2H.O, anhydrite, 
and magnesium chloride An average analysis shows 912 per cent of sodium chlonde , 
U 0 per cent of poly halite , 1*5 per cent of hwcliofite , MgCR GH a O f and 0 7 per cent of 
anhydrite 

(3) K\es,a\te brd — Keating on the polj halite bed is a layer ox rock salt, sometimes 
100 feet thick, mixed with layers of k\ estate, MgSC 4 H^O, and other sulphates, approxi- 
mating on the average 65 per cent of rock salt ; 17 per "cent of kiesente , 13 per cent of 
carualhle , KClMgClj t>H,0 , 3 per cent of bischofite ; and 2 per cent of anhydrite 

C4) Camalhtr bid — Finally comes a reddish layer of rock salt associated with various 
salts of magnesium and potassium approximating on the average 55 per cent of camallite ; 
25 per cent of rock salt , 16 per cent of kiesente; and 4 per cent of other salts — chiefly 
bischofite, tachhydrite, 2MgCla.CaClj.6HnO ; aatracamte, MgS0 4 Na a S0 4 4H a O ; schomte, 
MgS0 4 K 3 S0 4 GH a O , and horacue , MgCf, 2Mg 1 B 8 O in 

The moTe soluble salts usually predominate in the upper layers, while anhydrite 
and the less soluble salts accumulate m the lower layers These four beds are 
capped by a layer of grey salt clay — Salzthon — followed by layers of gypsum, 
CaS0 4 2HoO, and anhydrite, CaS0 4 ; jungeres Stewiscdz — younger rock salt ; 
bunter clay shales ; and finally surface drift or soil Over thirty saline min erals 
have been reported m the Stassfurt deposits — some occur sparingly, others 
abundantly ; those marked with an asterisk are the most important : 


Halite (or rock salt) * 
Sylvuie for sylvite) * 
Douglasite 
Bischofite 
Tachhydnte 
Camailite * . 

Thenar dite 
Glaubente 


Kiesente * 

Leomte (or pota&Mmu aotracamte) 
Astracamto (or bLoedite) 

SchOnite (or picromente) . 
Epsomito {or richardite) 

Kaimte * .... 

Poly halite * 

Langbeinite , 

Krugite ... 

VftnthofiSte .... 

I*5wite .... 

Anhydrite (or karst emte) . 


. SfaCl 
. KC1 

. 2KC1 FeClj 2H a O (?) 

. MgCl s 6H a O 
. 2MgClj.CaCl a . 12H a O 
. MgCl a .KCl OH a O 
Na a S0 4 
Na a S0 4 10H a O 
. MgS0 4 H a O 
. MgSO* K«,S0 4 4H 2 0 
. MgSO* Na a S0 4 4H 2 0 
. MgS0 4 K„S0 4 6H g C 
. MgS0 4 7H,0 
.. MgSO* KC1 3H,0 

- MgS0 4 K,S0 4 .2CaSO 4 2H a O 
2MgS0 4 K 2 S0 4 

. MgS0 4 .K,S0 4 4CaS0 4 2H a 0 
MgS0 4 3Na 2 S0 4 

- MgS0 4 Na a S0 4 2£H a O 
. CaS0 4 


Glaser ite (or aphthxtalite) 
Boraoite (or atassfurtite) * 


Sulphobonto 


Pinnoxto . 
Aschante 
Heantzite . 
Hydroboracite . 


CaS0 4 2H a O 
3Kj|S0 4 .Na S0 4 
SMgJB.O „ MgClj 
M*ja*0 ls (S0 4 ) J 7H t O , or 
2MgSO a 4MgHBO a 7H.O 
MgB,0 4 .3H J 0 

MgHBO,; or 3Mg 4 BiO s 2H t O 
Mg.KjB 21 0 J8 14HjO 
MgCaB.Ou 0H,O (*) 
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The different minerals can rarely be distinguished "by mere inspection. The 
nature of the products of the mines is largely established by chemical analysis 
The average composition of the crude natural kainite, carnallite, rock laeserite, 
and sylvirute is indicated m Table II. 


Table II — Analyses of the Chief Raw Products of the Stassturt Mines 


Constituent 

Kainite 

Carnallite 

Kieserite. 

Sylvimte 

Potash. 

Manure 

taltB 

Potassium sulphate, KjSO* 

21 3 

__ 


1 5 

2 0 

1 2 

Potassium chlonde, KCl 

2 0 

15 5 

11 18 

26 3 

31 6 

47 6 

Magnesium sulphate, MgS0 4 

14 5 

12 1 

21 5 

24 

10 6 

04 

Magnesium chloride, MgCl 2 

12 4 

21 5 

17 2 

26 

53 

48 

Sodium chlonde, NaCl 
Calcium sulphate, CaS0 4 . 

34 6 

22 4 

26 7 

66 7 

40 2 

26 2 

1 7 



2 8 

2 1 

2 2 

Insoluble m water . 

0 8 

0 5 

1 3 

3 2 

40 

3 5 

Water, H a O 

12 7 

26 1 

20 7 

4 5 

42 

5 1 

Average K 2 0 

12 8 

9*18 

7 5 

17 4 

21 0 

30*6 

Guaranteed minimum 
KoO 

124 

9 0 


12 4 

20 0 

30 0 


The strata m different iocahties do not always follow the same regular order since 
local conditions and geological disturbances have produced some alterations — e g. 
surface water may have entered and washed away the potash salts or modified 
the strata in other ways Carbonates are very scarce There is some bituminous 
limestone — stmJcstone — below the basal anhydrite The saliferous clay, the rock 
-salt, and the carnallite contain traces of sulphur which has been formed by the 
reduction of gypsum by organic matters ; some pyrites is also present F. Bischof 14 
found traces of bromine, caesium, and rubidium m the Stassfurt rock salt, but he 
could detect neither iodine nor lithium ; J. N von Fuchs reported traces of iodine 
m the rock salt of Hall (Tyrol). A. Vogel 15 found ammonium chloride to occur 
m the rock salt of Fnednchshall (Wuxtemberg), and other Iocahties ; celestme, 
SrS0 4 , and nitrates have been leported in the deposits The term sylvimte has been 
applied to a mixture of potassium and sodium chlorides , and Hartsalz — hard salt 
— to a dark reddiBh-brown mixture of sylvirute and kieserite with some anhydrite. 
The two terms sylvimte and hard salt are employed rather indefinitely ; hard salt 
has nearly the same ultimate composition as kainite, and sylvmite is not unlike 
hard salt, but it contains rather more potash. The chlorides — koenenzle , 
Al 2 Og.3MgO 2MgCl 2 6(or 8)H 2 0, and bceumlertte, KOI CaCl 2 — and the sulphate — 
syngemte , CaK 2 (S0 4 ) 2 H 2 0 — have been reported in some other potash deposits, 
but not in those of Stassfurt. 

The Stassfurt deposits have been the subject of elaborate investigations by 
J H van’t Hoff and his school. 15 In 1849, J. Usiglio 17 studied the deposition of 
salts when sea water is cone, by evaporation, and examined the residues analyti- 
cally. He found that calcium carbonate was first eliminated, then calcium sulphate, 
then sodium chloride, and the more soluble salts accumulated in the mother liquid. 
This method of investigation does not allow sufficient time for the various salts 
to attain a state of equihbnum, and it therefore follows that the natural evaporation 
of brines probably furnishes somewhat different results. Moreover, it is difficult, 
if not impossible, to identify the several substances which separate from the 
mother liquid formed during the latex stages of the evaporation. J H van’t Hoff 
followed the synthetic method in his study of this subject. He started from 
simple soln. like those of sodium and potassium chlorides, under definite conditions 
of temp., and gradually added the pertinent constituents until the subject became 
so complicated that the crystallization of the constituents from concentrating sea 
water was reduced to a special case of a far more comprehensive work. 

The crystallization of salts from mixed solutions. — The simple cases of the 
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metallization of &oln «at. with hut une salt, and of soln of two salts winch do not 
rtviti with one tiiioilior, nor form hydrate?, have been discussed The phenomenon 
is moie i oniplex when the salts present in the &uln form a seues of hydrates, or 

when the salts can leact with one another to form 
double salts 

A soln. of potassium and magnesium chlorides 
not only furnishes crystals of magnesium chloride, 
MgClo 6R>0, and of potassium chlonde, KOI, but 
also crystals of the double salt carnallite, MgC^. 
Kf‘1 6H0O Referring to Pig 2, the line AB repre- 
sents the effect of additions of potassium chlonde 
on the amount of magnesium chlonde required to 
form a sat. soln at 25° The solubilities are here 
expressed in terms of the number of mols of MgCl 2 
and of (KC1) 2 per 1000 c c The symbol (KC1) 2 is 
not intended to imply that the molecule of this salt 
is KoCL, but is simply used to keep the molecules 
of magnesium and potassium chlorides eq as units 
for the ordinates and abscissae m the diagram The 
lme BO represents the amount of carnalhte in a sat. 
soln as the amount of potassium chloride is in- 
creased ; and the line OB represents the amount 
of potassium chloride m a sat soln as the amount 
of magnesium chlonde is increased. All soln 
represented by points on the line ABQB are sat. 
with one of these salts. If, therefore, we could 
start with a soln containing, say, 20 mols of mag- 
nesium chlonde, and 40 mols of E 2 C1 2 P er htre, at 
the constant temp. 25°. the composition of the soln 
would be represented by the point P on the dia- 
gram. Crystals of potassium chlonde would be 
deposited until the composition of the soln. could be represented by a point Q on 
the lme CD, that is, potassium chlonde would be deposited until the soln contained 
20 mols of mag nesium chlonde, and 34 of K 2 C1 3 per htre. If the soln. were cone by 
evaporation at 23°, potassium chlonde would continue separating until the cone, of 

the soln. could be represented by a pomt C ; that 
is, until the soln. contained about 5 5 mols of 
K 2 C1 3 , and 72 5 mols. of MgCl 2 per htre. If the 
mother liquor were to be still further cone, at 25°, 
crystals of carnalhte and of potassium chlonde 
would separate until the cone of the soln could be 
represented by a point B, corresponding with one 
mol of K 2 C1 2 and 105 mols of MgCl 2 . Any further 
cone* of the mother liquid would lead to the separa- 
tion of magnesium chlonde and carnalhte in con- 
stant proportions until the soln. dried. 

The equilibnum curve of mixtures of sodium 
and magnesium sulphates in aq soln. for temp up 
to just over 100°, is represented by Fig 3. Below 
22°. the case is analogous with mixtures of sodium 
and potassium chlondes, Fig 1 (1. 11, 1), for sodium 
or magnesium sulphate alone crystallizes from the 
soln. as illustrated by the set of curves ; at 22° A 2 , the double salt astracamte 
appears, and at higher temp,, the zone of stability of astracanite widens as shown 
by the portions of the curves A 3 and A 4 between the dotted lines of the diagram. Ho 
astracanite separates from a sat. soln. of the two sulphates if the temp, is below 22°, 


Cram Mofecufes of X 2 Cf 2 per tore 

Fig 2 — Solubilities of Magnesium 
and Potassium Chlorides in 
Mixed Solutions 



14* A, 

25° /4 




zf°At 


O Zf* *2? ZJ° 

Fig 3. — Equilibrium Conditions 
of Solutions of Potassium and 
Magnesium Sulphates — 
J. H, vanH Hoff. 
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showing that if this double salt occurs in a deposit, its existence is evidence that the 
temp of its formation must have exceeded 22 J This temp , 22° a marking the limit 
of stability of astracamte, may be altered by the presence of other salts in the 
soln Certain salts which separate from a crystallizing soln when the evaporation 
is conducted at one temp , may not appear if the evapoiation be conducted at a 
higher temp , thus, epsomite, MgS0 4 7H 2 0, does not occur over 47°, schonite over 
47 5°, carnalhte over 167 5°, and tachhydrite over 83° Analogous observations have 
been observed in natural evaporations , thus, It, Brauns 18 reports that m s umm er, 
on the shores of the Caspian Sea, gypsum, magnesium sulphate, and rock salt separate 
from the brine, whereas m winter, Glauber’s salt, Ka 2 S0 4 IOH 2 O, or thenardite, 
NsuS0 4 , is formed ; and in spring and autumn, rock salt and astracanite, 
Ha 2 S0 4 MgS0 4 4H 2 0, appear. According to J H. van’t Hoff, glaubente is 
formed below 10° , langbenute, above 27° ; lowite, above 43° ; vanthoffite, above 
46° ; lowite with glasente, over 57° ; lowite with vanthoffite, over 60° ; kiesente 
with sylvite, above 72° , and kamite with sylvite, up to 83°. A scale of temp of 
this kind is regarded as a kind of geologische Thermometer . 

Equilibrium conditions in solutions of potassium and magnesium chlorides. — 
The equilibrium diagram of soln of 
magnesium and potassium chlorides 
has been studied by J. H van’t 
Hoff and W. Meyerhoffex 19 The 
variation of the range of stability of 
the different phases up to about 185° 
are illustrated m Eig 4- The surface 
areas represent soln sat with the 
phases named, the lines represent 
soln. sat with the salts indicated in 
the adjoining areas ; points below the 
surface of the solid figure represent 
unsatuxated soln. ; and points outside 
the solid figure represent super- 
saturated soln. The composition 
corresponding with a point on the 
surface of the figure is ob tamed by 
measuring the vertical distance of 
the point from the MgClg and the 
K 2 C1 2 planes ; and the corresponding 
temp, by its vertical distance to the 
right or left of a plane passing 
through 0°, and perpendicular to the 
K 2 C1 2 - and the MgCl 2 -planes. For example, the point P corresponds with a 
soln. containing 166*7 mols of KC1, per 1000 mols of water — melting temp of 
carnalhte 167 5° The curve AP represents the solubility curve of carnalhte 
m the presence of an excess of potassium chloride. The point numbered 116 67 
represents the transition of MgCl 2 6H s O into MgCl 2 ,4H 2 0 ; and that marked 115 7°, 
the transition temp in the presence of carnalhte. In an analogous way, the point 
marked — 33 6° represents the eryohydrie temp between MgCl 2 12H 2 0 and ice, 
and ~-'34*3° the eryohydrie temp, of MgCl 2 12H 2 0 and ice in the presence of 
potassium chloride. Otherwise the diagram explains itself 

Equilibrium conditions in solutions of potassium and magnesium sulphates. 
* — The equihbnum conditions with soln. of magnesium and potassium sulphates, at 
different temp , are illustrated by the diagram, Fig 5. The point A represents the 
f p. of watei, 0° , B y the cryohydno temp , — 2 9° for magnesium sulphate ; C, the 
eryohydrie temp , — 1*5°, for potassium sulphate ; D, the eryohydrie temp , — 4*5°, 
for the mixed potassium sulphate and schonite ; JB, the eryohydrie temp , —5°, 
for the mixture of schonite and MgS0 4 .12H 2 0 ; F, the transition point, 0 7°, for the 

vol. n. 2 F 


-50° 


Temperature * — ► 

0° 5CP f00° / 50° ZOCT 


kl t zH t 0 



-50* 0 s 50* MO* ISO 6 ZOO* 
Temperature «• — - 

Fig 4 — Equilibrium Conditions of Solutions 
of Magnesium and Potassium Chlorides — 
J. H. van’t Hoff and W. Meyerhoffer. 
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1 iVeoni^W 

« ice iAn^ 
rwi “ 


'W&ss'tum' sulphite Jt / 

/ / / ?vT/ -3/ /, '/»•* 

// / j^TTyTHkisA/r 

// ^ **+/*/? / >y 

/ / / / y / / / / / / / S ™ /* 

~2a -fO & Hf & S(T40*‘ 5^60° 70" dP&fiiO&UCp 12tP 
Temperature * ►- 

Fio 5. — Equilibrium Conditions of Solutions of 
Magnesium and Sodium Chlorides — J H van’t 
Hoff and TV. Hey erb offer 


corners * hi of MgS0 4 .12Ho0 into MgS0 4 .7H 2 0 m the presence of schonite , and G, 
the eutectic temp , —1 8 J , for the mi store MgS0 4 12H 2 0 and ATgS0 4 7H 3 0 Surface 
areas represent soln sat with the phases indicated thereon ; lines represent soln 
sat. -with the substances indicated on the adjoining areas The triple and quadruple 

points have the usual significations. 

Temperature » — ^ ^ Points within the surface areas of 

p r-r - r - T t r t - y— ; — j — j — p-rjsi the diagram represent sat soln ; 

* { j ; j | f l I points below the surface areas 
I i [ ; | j j ! represent unsaturated soln ; and 

* 1 1 ! * 1 ' I points outside, supersaturated soln 

£ ; [ * Equilibrium conditions in 

^ * pt<d l $ solution of potassium and mag- 

W M i ' if I ^ nesium chlorides and sulphates. 

/frSQf 1 '' x j "\l ! — Similar principles obtain with 

izti/0 "■ !f'v| ! still more complicated examples, 

sa ^ s a nuxture °* Potassium chlo- 
ride and magnesium sulphate, 
srfr^-<LS/ S /yy f , ' /w* where there is a reaction. 2KC1 

////; '/7?T99^ +MgS0 4 =MgCl 2 +K 2 S0 4 Such 
/ / / / / / /// / / / s y / * a soln may lead to the separation 

- 2 a -to & Hf zf zif^r sir 6o° 70 " dir eefi iochuf ihf* of crystals of potassi um chloride 

Tempe ure * *■ and potassium sulphate : mag- 

»— cUoridc; **»*■• 
Hoff and TV. Heyerb offer of magnesium sulphate, inz. 

MgS0 4 7H 3 0, and MgS0 4 .6H 2 0 ; 
carnallite, MgCI 2 KCI.6H0O , and schonite, MgS0 4 K 3 S0 4 6H 2 0. The equilibrium 
conditions are illustrated by the diagram, Fig 6. The co-ordinate axes 20 are 
AOC and BOD ; the quadrant AOB is used for the binary mixtures (KC1) 2 and 
MgCl 2 , and the contained curve is indicated with more detail in Fig. 6. The 

quadrant AOD includes binary mixtures 
of K 2 C1 2 and K^S0 4 ; DOG , binary mix- 
tures of K 2 S0 4 and MgS0 4 ; and the 
fourth quadrant, GOB , binary mixtures 
of MgCl 2 and MgS0 4 The temp axis 
is directed from the plane of the paper 
towards the reader ; the surface areas 
represent soln sat. with respect to the 
salts indicated in the diagram ; the lines 
represent soln. sat with the two salts 
indicated in adjoining areas , points 
below the faces of the solid figure 
represent unsaturated soln , the points 
outside the solid figure represent un- 
stable supersaturated soln 
)fcci Tiie origin of the Stassfurt deposits. 
— It is generally thought that the Stass- 
i urtbeds are of marine origin, 21 and have 
- been formed by the natural evaporation 

Fig. 6-E^bnum Conditions of Mixtures ° f WatCT ^tless yeaxs m an 

of Magnesi um and Potassium Sulphates immense inland prehistoric sea This 
and Chlondes — J H. van’t Hoff. sea must have been periodically re- 

plenished by water bringing in more 
salts, since the Stassfurt deposits contain a larger proportion of calci um salts than 
obtains normally in sea water, and it is therefore thought that the inland sea must 
have been fed by fresh-water affluents. As J. Usiglio has shown, gypsum would be 
first deposited, and this would be converted into anhydrite by the action of sea water 


0 \^J0 20 so 


Fig. 6 - — Equilibrium Conditions of Mixtures 
of Magnesium and Potassium Sulphates 
and Chlorides — J H. van’t Hoff. 
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at about 25°, for, although, gypsum is formed by the evaporation of a soln of calcium 
sulphate, crystals of anhydrite are produced when a soln. of calcium sulphate m cone, 
brine is evaporated at about 30° J Walther supposes that the sea extended from 
the Ural Mountains to the Scandinavian mountains, and Ireland ; and that a tornd 
climate prevailed which favoured rapid evaporation The inland sea gradually 
evaporated, and shrunk, and the last remains completely dried up in Germany* 
Rivers and streams probably carried the salt from marginal regions towards the 
central basin in Germany The order in which the salts are deposited from the 
evaporation of sea water is very nearly the same as the geological succession observed 
at Stassfurt 

The work of J. H van’t Hoff shows that the slow evaporation of sea water 
furnishes successively - (1) a deposit of sodium chloride ; (2) sodium chloride mixed 
with magnesium sulphate , (3) sodium chloride and leomte , (4) sodium chloride, 
leonite, and potassium chloride ; (5) sodium chloride, kiesente, and carnallite ; 
(6) sodium chloxide, kiesente, carnallite, and magnesium chloride , and (7) the 
soln dnes without further change Consequently, m the formation of the Stassfurt 
deposits, the bnne, enriched with calcium salts, deposited (i) much calcium sulphate 
and rock salt , the supernatant liquid nch in magnesium salts, and still containing 
some calcium sulphate, foimed (n) the polyhalite beds. As the cone of the magne- 
sium salts increased, (m) kiesente began to separate out H. Precht and E Wittzen 
have shown that the dehydrating action of magnesium chloride prevents the forma- 
tion of epsomite when a mixture of the sulphate and chloride of magnesium is 
evaporated on a water bath After kieseiite had been formed, (iv) carnallite was 
produced. 

AD the salts found in the Stassfurt deposits have not been formed directly 
from the cone of sea water The layer of mud — saliferous clay — served to some 
extent to protect the salts from the action of percolating waters, but not entirely, 
for, m some cases, the salts have been completely leached away and accumulations 
of gypsum and clay alone remain This appears to have been the case, for instance, 
in certain parts of Hannover , in the other cases, only the more soluble magnesium 
chloride has been leached from the potassium Balts. The kairute layers lying 
above the carnallite layer are thought to have been formed by the action of perco- 
lating water on carnallite m the presence of kiesente, because carnallite in the 
absence of kiesente forms sylvite The deposits of salts from the inland sea was 
covered by a layer of clay, and buned to a great depth by bunter shales Subsequent 
geological upheavals have tilted the strata m some localities, e.g Pig 1, and m other 
places — e g in the Eichfeld district between the Harz and the Thunngen forest — 
the strata axe almost horizontal 

Uses of the Stassfurt salts. — The magnesium compounds in the Stassfurt salts 
are used for the preparation of magnesium and of its salts The potash salts are an 
essential constituent of many fertilizers used in agriculture, etc. , 22 and potassium 
chloride is the startmg-pomt for the manufacture of the many difierent kinds of 
potassium salts used in co mm erce — carbonate, hydroxide, nitrate, chlorate, chromate, 
alum, ferrocyanide, cyanide, iodide, bromide, etc. Chlorine and bromine are ex- 
tracted by electrolysis and other processes from the mother liquids obtained m the 
purification of the potash salts Bone acid and borax are prepared from boiacite. 
Caesium and rubidium are recovered from the crude carnallite and sylvite. 
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§ 4. The Extraction ot Potassium Salts 

Potash is both wealth and weapon . Our position as sole producer gives us the 
power of causing grave injury' to the agriculture of our enemies hy stopping the export of 
salts so indispensable to them for man unal purposes . If raw materials are refused us 
we shall revenge ourselves on enemy agriculture with this war cry . At the enemy with a 
kilo of potash. — V ossische ZEmnfa (23 November, 1917), and O N. Witt (1916) 

The Staaafnrt deposits have enabled the Germans to crush serious competition 
by underselling the potash derived from other sources The prices were then 
raised. The German Potash Syndicate thus acquired an almost exclusive monopoly 
of the world’s market, and compelled the world to pay them tribute. During the 
Great War supplies were cut off, and the threat of a serious potash famine in the 
agricultural world rendered it necessary to explore all possible sources of supply. 
As a result a Mud of stock-taMng of the world (outside Germany) was made, and 
some extinct industries were revived 

The chief sources of potash 1 are : (1) The deposits of soluble potash minerals at 
Stassfurt (Germany), Alsace (France), Galicia (Austria), Catalonia (Spam), Punjab 
(India), and Atacama (Chili). (2) Sea water, bnnes, and many lake deposits 
contain appreciable quantities of potash associated with the sodium Balts (3) The 
ashes of vegetation eg wood ashes, beet-root residues, seaweeds, sunflower st alks , 
hedge tr i m m i ng s, etc. (4) The soapy water used for washing the grease from wool. 
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(5) Products resulting from the decay of organic matter — eg. Indian nitxe and 
South African nitre. The value of saltpetre for the manufacture of gunpowder 
and in the chemical industries is greatly in excess of its value as a fertilizer , and 
consequently nitre is not usually regarded as a source of potash supply. (6) Blast 
furnace and cement-kiln dust (7) The insoluble potash minerals — e g. felspar, 
alunite, leucite, etc 

Sea water and brines. — Nearly 2 per cent of potassium chloride is contained 
m the 3*5 per cent, of solids m soln. in sea water ; hence 10,000 parts of sea water 
contain 7 parts of potassium chloride. The potassium chloride accumulates as 
impure carnalhte in the mother liquids remaining after the separation of sodium 
chloride, and it can he recovered by crystallization The salt-gardens at Geraud 
en Caraquet, 2 at the mouth of the Rhone, marketed potassium chloride about 
80 per cent, purity before further developments were impeded by competition with 
the Stassfurt deposits A low-grade potassium chloride, however, can he obtained 
as a by-product from the bittern of the solar refineries manufacturing common salt 
from sea water and the brines of saline lakes. The brine from Searles Lake or 
Searles Marsh, San Bernardino County, California, contains 30*34 per cent, of 
total solids dried at 110°, or 29 65 per cent of anhydrous solids containing 2 17 per 
cent, of its weight of potash K 2 0 s In the Searles basm, the brine is pumped to 
storage tanks and distributed to evaporating vacuum pans The sodium chloride, 
sulphate, and carbonate deposited at the bottom of the vacuum pans are removed. 
The liquor is then boiled down to the point where potassium chloride begins to 
separate. The hot liquoT (90°-95°) is then run to the crystallization vats and allowed 
to cool The mother liquor is drained from the crop of crystals of the crude potash 
salts, and returned to the system. A. de Ropp gives the following data : 



2Tajt"B jO. 

Na a CO s 

KaCl 

na*so t 

KC» 


»o 

Raw brine . • 

1 50 

4 70 

16 50 

6 90* 

4*75 

60 

66 

Cone liquor . • 

8 81 

10 82 

9 67 

2 58 

14*87 

53 

26 

Mother liquor 

7 82 

10 63 

9 43 

2 08 

10 82 

59 

32 

Crude potash salts . 

10 91 

1 70 

10*93 

044 

66 34 

9 

66 


op. gx. 

1 290 (30°) 
1 384 (30°) 
1 362 (34°) 


The salt-crusted surfaces of the brackish lakes in the South Plains of West Texas 
are said to contain proportions of potash which can be profitably extracted. 

Kelp ash. — The crofters about the rocky shores of West Scotland, Ireland, 
North-western Prance, and Japan used to bum the drift-kelp as a fuel, and scatter 
the ashes over the land as a fertilizer. The great success of kelp ash led to a rapid 
expansion of the business, so that at the beginning of the nineteenth century kelp 
harvesting was a flouris hing industry. The potash originally employed in the arts 
and industries was mainly derived from kelp — the ashes of seaweed — and from 
barilla — the impure alkali obtained from the ashes of plants growing on the sea- 
shore. The ashes were mixed with varying proportions of sand, which during the 
incineration or sintering formed some silicates The mass was lixiviated with 
water, and then decanted, the filtered liquid was fractionally crystallized by 
ev apo ration 4 

Wood ashes. — The ash of wood, not coal, contains about 30 per cent, of potassium 
carbonate. Prior to the exploitation of the Stassfurt salts about the middle of the 
nineteenth century, the chief source of potash was wood ashes, and the process is 
still used in certain localities where wood-fuel is employed and where much waste 
wood is available — e.g. in some parts of Canada, United States, Russia, Spain, etc. 
The ash of trees, hedge-cuttmgs, sawdust, etc , can be made to yield potash 5 In the 
Caucasus, the sunflower is grown on waste land for the sake of its seed The stalks, 
leaves, etc , axe a by-product and are burnt ; the ash is used as a source of potash. 
Nearly 7000 tons per annum of crude potash from this source were exported from 
Novorossik in Russia. The residues in the manufacture of okve oil and almond 
shells are also stated by G. r Abate to be exceptionally rich in potash salts; 
P. W. F. Day claims that the roots of the water hyacinth (eichornia crassipes) have 
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a hisrh potash content, for they furnish 15 per cent of ash with about 25 per cent. 
KoO \ and R H Ellis claims that banana skins furnish 1*77 per cent, of ash, 
which m turn contains 57 16 per cent of potash. The following data, compiled 
by W. Savage. represent the percentage weights of the given constituents present 
in the ashes of normal crops from an acre of ground : 



SiO* 

K»0 

CaO 

PO* 

SO* 

ci 

MgO 

Na*0 

Fe a O s 

Gram 

14*71 

14*39 

2 24 

35 7f> 

0 12 

0 02 

7-60 

7 05 

1 11 

Straw 

. 233 08 

32 73 

27 62 

10 56 

12 15 

3 55 

12 14 

1 21 

5 96 

Hoots 

27*03 

142 66 

46*24 

25-77 

46*24 

12 24 

18-16 

17 31 

4 35 

Tops 

2-67 

88 82 

72-14 

28 80 

38 81 

49 76 

9 58 

16 76 

2 67 

Hay 

. 28 23 

38 22 

44 45 

15 12 

9 20 

4 06 

7 09 

12 05 

0 58 


Under ordinary circumstances crops cannot be specially grown for the sake of their 
potash since the soil would be rapidly depleted of this valuable constituent In 
special districts, however, it may he profitable to bum wood in pits sheltered from 
the wind, and extract the ashes with water 

The ash is mixed with 5 to 10 per cent of slaked lime and placed in wooden barrels 
with false bottoms. Hot water is poured over the mixture, and, after sta n ding for some 
time, the liquid is drawn off from time to time by removing a plug near the bottom of the 
cask. The liquid with a sp gr. over 1 1 5 is evaporated ; the low sp gr liquor may be used 
for lixiviating more ash ; and the residue m the barrels may be used as manure The 
evaporation of the densest liquor to dryness is conducted in cast-iron pots, and the residue 
is afterwards calcined in a reverberatory furnace to burn away the organic matter — at 
the same time sulphates may be converted into sulphides The product is crude potash 
The crude potash may be mixed with sawdust and re-ealcmed It is then digested with 
twice its weight o! hot water, filtered, and cooled The less soluble impurities — mainly 
potassium sulphate — crystallize out, and finally the mother liquid is evaporated to dryness 
and calcined aa before ; or the soln may be evaporated until crystals of potassium carbonate 
are deposited. 

The purified product us called white refined potash, and also pearlash . Some 
samples of American potash are reported to the following composition : 


American potash • 

. K*CO t 

KOH 

K t SO* 

KCl 

Na a CO s 

Third grade 

. 26 2 

26 5 

10 4 

1 7 

28 

Second grade . 

. 34-5 

29 6 

15 0 

75 

30 

First grade 

. 26—42 

36-49 

4-10 

1-2 

1-3 

American pearlash . 

. 65-71 

— 

14-21 

3-7 

2—4 


The vinasse of sugar beet. — Sugar beet contains about 0*5 per cent of potash, 
K 2 0, largely in combination with organic acids The potash accumulates m the 
molasses of the best sugar factories. The molasses are fermented and distilled for 
alcohol. The residue which remains in the retort — called mnasse — may be used as 
a manure, or it may he mixed with lime and ignited to form what was once called 
mnasse cinder, and used m the manufacture of soft-soap It is, however, more 
profitably refined for potash by fractional crystallization 6 The pxoduct has 
approximately the composition : 

K.COj KCl jPTa,CO* Insoluble 

30 to 35 6 to 8 18 to 22 18 to 20 15 to 28 per cent 

Wool fat or suiut. — The potash found in plants is obtained from the soil ; and 
the potash m the soil is one product of the decomposition of rocks which form the 
earth's crust. The potash which herbivorous animals — e g, sheep — draw from the 
land is largely exuded as an oily sweat from the skin, and called, after the French, 
suint. In the first century of our era, Dios corides called the mixture of wool fat 
and water alamos, assy pus, a name which it retamed up to the middle of the 
seventeenth century. . (Esypus is mentioned several times by Ovid. In spite of 
its disagreeable smell it appears to have been used by the Roman ladies as one of 
their choice cosmetics It is mentioned in N, Culpeper's JPharnutcopodia Londt~ 
nensis (London, 1653), but it soon afterwards disappeared from the pharmacopoeia 
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along with other grotesque yet antique remedies — e g burnt swallows, fox’s lungs, 
dab’s eyes, stag’s pizzle, boar’s tooth, man’s skull, etc. In 1882, 0 Braun and 
0 Liebreich patented a preparation which they called lanohne. Their process is 
virtually that described by Dioscorides and by Pliny, 1 * * * * * 7 The smut accumulates in 
the wool so that it may form as much as one-third the weight of raw merino wool. 
The liquid in which wool is first washed contains most of the suint This liquid can 
be evaporated to dryness and heated in iron pots or retorts Potassium carbonate 
is extracted from the residue by lixroation with water as indicated above Dried 
suint potash contains : 

KjCOa E,S0 4 KCl Ka a CO t Insoluble 

First grade . * . 93 0 05 20 46 0 04 

Second grade . . 87 0 5 1 4 9 2'7 0 03 

The annual production of potash from stunt m 1913 amounted to between five and 
ten thousand tons. 

Insoluble silicates. — Although the felspathic minerals are slowly decomposed 
by atm agencies, the rate of the surface decomposition is too slow to render ground 
felspar particularly useful as a source of potash for fertilizing soils, although the 
valleys and flats, which collect the drainage from hills of felspathic rocks, are 
usually favourable for crops requiring large supplies of potash. The speed of 
decomposition is much facilitated if the felspar be ground excessively fine, 8 and m 
1910, P R Carpenter patented the pre-calcination and sudden quenching of the 
mineral in order to make the contained potash dissolve moie quickly in the soil 
water Ground alumte, ox better, alumte calcined and ground, is used directly 
as a potash fertilizer in some parts of the United States , similar remarks apply to 
the use of ground leucite in Italy ; and the use of ground phonohte m Iceland. 

Numerous processes have been proposed for extracting potash from felspar, 
leucite, alumte, and other minerals rich m this substance, but the cost is so great 
that very few proposals yet made offer promise of successful competition with the 
Stassfurt deposits This is even the case with alumte, where mere calcination to 
1000° drives off water and sulphuric acid, leaving water-soluble potassium sulphate, 
and alumina Humphry Davy m his paper : On Some Chemical Agencies of Electricity 
(1807), indicated in Cap III, found that when water was electrolyzed in cavities con- 
tained in celestme, fluoxspai, zeolite, lepidohte, basalt, vitreous lava, agate, or glass, 
the bases separated froffi the acid and accumulated about the cathode. It is there- 
fore probable that if water with finely divided potash minerals in suspension were 
electrolyzed, the alkali would be separated in a convenient simple way. 

In their study : The production of available potash from the natural silicates, 
A S Cushman and G. W Coggleshall reviewed the methods which have been 
proposed for extracting water-soluble potash salts from natural silicates. These 
may be arranged in three groups There is a dreadful monotony in various patents, 
for m Bpite of their great number, very rarely does a novel principle appear which 
offers any promise of success 

(1) Wet processes — In 1894, H S Blackmore 9 tried subjecting a mixture of lime, 
calcium chlonde, and felspar to the action of steam in an autoclave ; and ten years later, 
he further proposed to treat a slurry of the powdered mineral with carbon dioxide under 

a press of 600 lbs per sq m in order to produce potassium carbonate Neither 

proposal has been successful. In 1865, H le Chateher proposed to release the potash by 

mixing the powdered mineral intimately with caustic tune and soda ash and arranging 

the mass in. heaps, kept moist with water for about a month G Levi (1904), A Piva 

(1905), A J Swayze (1907), and W V Gibbs (1009) 10 proposed digesting the powdered 
miner ed with soln of the alkalies or alkaline earths under press W. T Gibbs (1904) also 

proposed to treat the mineral first with hydrofluosihcic acid and then with sulphuric acid 

in order to prepare potassium sulphate , and A S Cushman proposed mixing a slurry of 

the mineral with hydrofluoric acid, and electrolyzing the mixture m wooden vats provided 
with diaphragms Alumina and potash collected m the cathode compartment. 

W. T Gibbs 11 fused a mixture of felspar, lime, or alkali carbonate m an electric furnace, 

and recovered the alkali from the slag ; W. T. Gibbs used phosphate rock in place of lime. 
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S Peacock heated a mixture of powder felspar and coal in a reducing atm , and treated the 
product with superheated steam m an autoclave m order to recover the water-soluble 
potash B. F. Halvorsen heats to 650° a mixture of ground felspar, cyanamide, and 
alkali salts with superheated steam Ammonia and soluble potash are formed 
H W Charlton digested greensand with lime and water m an autoclave 

(2) Dry volatilization process . — Potassium salts are found m the fumes emitted by- 
blast furnaces and cement kilns. Various proposals have been made m which the powdered 
mineral mixed with suitable fluxes — and in some cases with carbon — is heated m shafts 
in rotary kilns at a temp — say 900° — in order to volatilize the potash salts, A J, Swaps 
(1905) 12 used gypsum and carbon and collected the volatilized sulphate ; A C Spencer and 
E 0 Eckel ( 1909) clinkered a mixture of greensand with calcareous and siliceous fluxes — a land 
of Portland cement was obtained as a by-product Similarly, B. Herstein fritted a mixture 
of felspar, calcium chlonde, and chalk. In E W Jungner’s method a mixture of felspar with 
three times its weight of calcium carbonate was calcined between 1400° and 1450° m a rotary 
kiln H, E Brown heated a mixture of coal or coke, powdered felspar and limestone 
in a blast furnace — the fused mass was run into a cooling apparatus and ground for cement ; 
the potash largely passed off with the furnace gases and was collected as dust 
J. N. Carothers fused phosphate rock in an electric furnace, and collected the potash 
fume evolved. 

(3) Dry processes — In 1856, C. Biekell 19 heated a mixture of felspar, lime, and a 
natural phosphate or guano to a bright Tedness ; and the Societa JEtomana Solfati roasted 
a mixture of Ieucite with alkali — carbonate, hydroxide, or nitrate — lime, and carbon at a 
red heat. When steam was passed through the mass, sodium alumrnate and potassium 
carbonate were obtained. F O Ward and F Wynants fritted felspar with fluorspar and 
kme. The soluble potassium silicate obtained by lixiviation with water was decomposed 
with carbon dioxide A. R Lmblad 14 fused a mixture of felspar, coal, and iron ore in an 
electric furnace, the soluble potash was obtained by lixiviation of the produot with water ; 
C W Drury fused a mixture of felspar, lime, and iron oxide (haematite }, and extracted the 
potash by lixiviation with weak acids J G.A Rhodm (1900) 19 fntted together a mixture 
of felspar, lime, and salt ; R. H 3IcKee (1907) fntted micaceous minerals with lime, carbon, 
and salt ; A. S. Cus hm an (1911) fntted a mixture of felspar and lime and a salt of a mineral 
acid capable of decomposing the felspar \V E. W adman fntted lepidolite with potassium 
sulphate and obtained lithium sulphate when the Tnngg was leached with sulphuric acid 
In 1911, F. Thompson 19 heated a mixture of felspar, sodium acid sulphate (nitre cake), 
and sodium chloride The potassium sulphate formed was leached out with water. In 
the same year, E Hart fntted the felspar with barium sulphate and lim e, potash alum 
passed into soln , and there remained a mixture of silica and barium sulphate said to be 
useful as a white pigment 17 

Cement kiln and blast furnace flue-dust. — In 1904, E Cramer is pointed out 
that the clouds of dust deposited in the drying chamber of Portland c em ent works 
utilizing the waste gases for the drying, contain notable amounts — 56 35 per cent. 
— of soluble alkalies The soluble portion contained 61T per cent, of potassium 
sulphate, and 38 9 per cent of potassium carbonate. The proportion of silica in 
the insoluble portion was found to be too high for it to have come from the cement. 
In the same year, C. Richardson showed that with the prices then r uling , the 
recovery of the dust promised not only to be a profitable operation, but also offered 
hygienic advantages for the workers According to K. M. Chance, also, the dust 
in the gas-cleaning plant of blast furnaces manufacturing pig-iron contains enough 
potash for profitable extraction, and if the oie be salted, the yield of potassium 
chloride is increased from 30 to 200 lbs. per million cub. ft. of gas. 

Two systems are in vogue for the recovery of alkali from cement or blast furnace 
dust — electrical precipitation by Cottrell’s process, and the water-spray system 
In the latter process, the gases leave the cement calcining kiln at 380°, and pass 
through a dust-settling chamber where the temp has fallen to about 230° ; the gases 
then pass into a spraying chamber, and the water thence runs thro ug h condenser 
tubes where much of the water is evaporated. The liquid is filtered to separate 
insoluble mud, etc., and evaporated for crystallization The accumulation m the 
dust chamber is likewise leached with water, filtered, and evaporated. A great 
deal of potash fume was found to escape wetting by the water spray and was lost 
unless elaborate gaB-scrubbers or coke-towers were employed for the fumes leaving 
the spraying chamber. The troubles connected with the collection of the dust have 
been largely overcome bypassing the gases through insulated tubes where the fine dust 
is electrified and condensed,. The salting of the oies used in blast furnaces is said 
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to facilitate the volatilization of the potash According to E C. Rossiter, and 
C S Dmgley, about SO per cent of the total potash in the furnace charge can be 
recovered from the North Lincolnshire ores , similarly with blast furnaces using 
heematite ores ; and about 33 per cent of the potash in furnaces using Cleveland 
ores. It is estimated that the blast furnaces of England and Wales can furnish 
63,292 tons of potassium chloride per annum 
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§ 5. The Extraction ol Lithium, Rubidium, and Caesium Salta 

The five alkalies frequently occur together so that in almost all cases of extraction, 
it is necessary to separate the alkalies from one another. Tnt.birmn can he separated 
from the other members of the alkali family by taking advantage of the ready 
solubility of its chloride in amyl alcohol (F. A Gooch), 1 m absolute etheT and alcohol 
(C. F. Rammelsberg), in primary butyl alcohol (L. W. Winkler), or in pyridine 
(L. Kahlehberg, F. C. Krauskofi) ; the sparing solubility of the phosphate m water 
( J, J Berzelius, and W. Mayer) or in ammomacal soln of ethyl alcohol (R Bene- 
dict) ; the sparing solubility of the carbonate (H. Muller), or fluoride (A Carnot) ; or 
the ready solubility of the fluosilicate (0. Reichard) Potassium, rubidium, and 
ccesium can be separated from sodium and lithium by taking advantage of the sparing 
solubility of the chloroplatinates of potassium, rubidium, and caesium If thallium 
be present, it will be precipitated as a sparingly soluble thallous chloroplatinate. 
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T] 2 PtCl 6} along with the rubidium and caesium , but thallous salts are precipitated 
by ammonium Bulphide ; by hydrochloric acid , and particularly by potassium 
iodide Potassium, rubidium, and caesium can also be separated from the other 
two alkali metals by taking advantage of the sparing solubility of the potassium, 
rubidium, and caesium alums Potassium can be separated from rubidi um and 
caesium by taking advantage of the greater solubility of potassium chloroplatmate, 
or of potash alum, ot of potassium silicomolybdate (F Parmentier) in water. 
Csesium and rubidium can be separated from one another by taking advantage of 
the difference in the solubility of the chloroplatmates, of the alums, or of the 
oxalates (J Formanek), by the formation of a more stable and less soluble rubidium 
tartrate (R Bunsen) ; by the greater solubility of CBesium carbonate in absolute 
alcohol (R. Bunsen) ; by the very sparing solubility of the double chloride and 
iodide of caesium, CsCl 2 I (H L Wells) , 2 caesium lead iodide, CsPhI e (H L. Wells) ; 
caesium antimony chloride, CssSb 2 Cl 9 (F Godeffroy) , caesium stannic chloride, 
CsoSnClfl (S P Sharpies) 

Lithium. — In order to extract lithium from the silicate minerals — petalite, 
lepidolite, spodumene, amblygomte, etc — J. J Berzelius 3 fused the finely powdered 
min eral with twice its weight of calcium or barium carbonate L Troost fused a 
mixture of finely powdered lepidolite with an equal weight of banum carbonate, 
half its weight of barium sulphate, and one-third its weight of potassium sulphate. 
In the latter case, two layers were formed ; lithium and potassium sulphates accumu- 
lated m the upper layer from which they were extracted by simple hxiviation. The 
sulphates are converted to chlorides by treatment with barium chloride The 
filtered liquid is evaporated to dryness, and the chlorides extracted with a mixture 
of absolute alcohol, or pyridine The lithium chloride dissolves, the other alkali 
chlorides remam as an almost insoluble residue 

F Filsmger 4 decomposed finely ground lepidolite by mixing it with cone, 
sulphuric acid and igniting the mixture up to, say, 340°. The mass is extracted with 
water The silica may be filtered off, and the aluminium sulphate converted into 
potash alum by treatment with potassium sulphate ; on standing, most of the 
alum separates as crystals, the remainder is removed by making the soln. alkaline 
with lime water, adding calcium carbonate and freshly precipitated aluminium 
hydroxide, and boiling briskly Practically all the alumina separates as basic 
alum or alunite The filtrate is cone by evaporation, and the lime precipitated by 
treatment with oxalic acid ; the iron and manganese are precipitated by potassium 
hypochlorite or ammonium sulphide. The crude soln of lithium sulphate so 
obtained is treated with potassium or ammonium carbonate to precipitate lithium 
carbonate The mineral triphylite, Li(Fe, Mn)P0*, is also a source of lithium It 
is decomposed by acids R F Wemland and L. Storz treated the finely powdered 
mineral with aqua regia, and evaporated the mass to dryness with frequent additions 
of hydrochloric acid so as to remove the nitric acid The remaining mass was 
extracted with hot water, and the liquid treated with an excess of milk of lime ; the 
filtrate was treated with a soln. of ammonium carbonate in ammonia, filtered, 
evaporated, and heated to drive off the ammonium salts The lithium chloride was 
extracted from the dry residue with a mixture of absolute alcohol and dry ether. 
The extract was evaporated to dryness, and re-extracted with the same solvent 
until the lithium chloride obtained coloured the non- luminous gas-flame dark red. 
H. Muller 5 treated the same mineral with hydrochloric acid, oxidized the iron with 
nitric acid, precipitated the phosphoric acid by the addition of a ferric salt, and 
evaporated the filtrate to dryness. The manganese and lithium chlorides were 
dissolved by extracting the dried mass with hot water, and the manganese precipi- 
tated by the addition of barium sulphide The excess of banum was removed by 
sulphuric acid. Li thium oxalate was obtained by evaporation with oxalic acid, 
and the oxalate was converted into carbonate by ignition. 

The purification of lithium salts. — The lithium salts prepared by the above 
desonbed processes contain salts of the alkalies and alkaline earths. These 
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impurities are very difficult to eliminate In 1356, J. W Mallet 6 purified the chloride 
by dissolving it m a mixture of alcohol and ether, but J S. Stas has shown that 
repeated treatment by this solvent is not sufficient to remove the alkali chlorides ; 
K. Diehl repeatedly precipitated lithium by ammonium carbonate, some thirty 
precipitations were required to free it from sodium L Troost repeatedly dissolved 
lithium carbonate m cold water sat with carbon dioxide, and reprecipitated the 
lithium carbonate by boding the soln ; but W Dittmar failed to obtam a pure 
salt by this means J. S Stas tried to purify lithium salts by a combination of 
Diehls and Troost's processes, but he failed to prepare a sample which did not 
show the sodium lme upon very careful spectroscopic examination He volatilised 
one-third or one-half the carbonate in the oxy hydrogen flame and obtained a residue 
of oxide free from sodium, but he failed to prepare lithium chloride from this oxide 
free from sodium, and he remarked : C'est V impossibility de priparer du chlorure de 
lithium ne dormant pas la rate sodique However, T. W Richards and H H. Willard 
did prepare lithium salts of a high degree of punty in the following manner : 


A boiling soln of ammonium fluoride was poured into a boiling soln of lithium salt, slowly 
and with constant stirring. An excess of either salt was avoided The coarsely crystalline 
lithium fluoride so obtained was washed several times with water A repetition of this treat- 
ment sufficed to give lithiumfluonde spectroscopically free from sodium. To eliminate calcium 
and magnesium, the lithium fluoride was converted mto the corresponding nitrate or per- 
chlorate by heating it m a platinum retort with the corresponding acid Three or four times 
the theoretical quantity of nitric acid was required for the conversion The salts were 
r ©crystallized several times with centrifugal drainage, and no calcium, or magnesium, or 
sulphate could be then detected by the ordinary chemical tests The nitrate can be converted 
mto carbonate by pouring a soln of the lithium salt mto a hot cone soln of ammonium 
carbonate, and washing the coarsely crystalline precipitate several times m hot water. 

Lithium, rubidium, and caesium. — E. C. Robinson and G C. Hutchins 7 extracted 
all three alkalies — lithium, rubidium, and ce&simn — by decomposing the mineral 
with fluorspar in the following manner . 

An intimate mixture of equal parts of finely ground lepidolite and fluorspar — say, 
100 grma lepidolite — is stirred with sulphuric acid in a lead or platinum dish so as to 
form a thin slip When the fumes of silicon fluoride, etc , have nearly ceased to be evolved, 
heat the mixture on a sand bath or hot plate between 200° and 300° until the residue is 
dry and hard. Extract the mass with hot water until a few drops of the washings give no 
precipitate with aq ammonia. Evaporate the soln down to about 100 o c , and filter the 
hot liquid so as to remove calcium sulphate The cone soln is sat with a mm onium alum 
and allowed to stand for some time. The mixed crystals of potassium, rubidium, and 
cffisium alums and of lithium salt are dissolved in 100 c c of distilled water and r ©crystal- 
lized, The crystallization is repeated until the crystals show no spectroscopic reaction 
for potassium or lithium The yield naturally depends on the variety of lepidolite employed. 
100. grma of an average sample gives about 10 grins of crude crystals , and about 3 grins, 
of the purified caesium and rubidium alums For the purification of caesium and rubidium 
salts. Bee the chlorides. The mother-liquors are treated with an excess ot banum carbonate, 
boiled, and filtered The filtrate is acidified with hydrochloric acid, and evaporated to 
dryness. The residue is extracted with absolute alcohol m which lithium chloride is soluble, 
and the other alkali chlorides are sparingly soluble. 

Rubidium and caesium. — One of the most important sources of rubidium is the 
mother-liquor remaining after the extraction of potassium chloride from camalhte 
The mother-liquid contains rubidium carnallite, RbCLMgCl 2 6H 2 0, and caesium 
carnallite, CsCl.MgClg 6 H 2 O Aluminium sulphate is added to the soln. and the 
alums of caesium and rubidium are separated by fractional crystallization These 
two alkalies are also obtained from the mother liquids remaining, after the extraction 
of salt from sea water 8 R. Bunsen, it will be remembered, obtained these two 
alkalies from the mother-liquid furnished by the evaporation of nearly fifty thousand 
kilograms of the mineral waters of Durkheim ; and R. Bottger obtained them from 
the waters of Nauheim The mother-liquid of the nitre refineries also furnishes these 
alkalies , 9 
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§ 6. The Preparation of the Alkali Metals 

The key to a knowledge of Nature’s methods is her analogies — R Ottolengui 

When any apparently exceptional or new substance is encountered, the chemist is 
guided in his treatment of it by analogies which it seems to present with previously known 
substances. — W. S. Jevons 

Discoveries in science axe very often made by following up hints received from 
analogies The history of fluorine has taught the value of analogy as the source of 
prophetic conjecture, and the isolation of the metals potassium and sodium is another 
good illustration 1 At the beginning of the nineteenth century, the so-called alkalies 
and alkaline earths — magnesia, bme, and potash — were considered to be elementary 
substances A. L. Lavoisier proved that some things resembling the earths — 
e.g tin oxide, iron rust, mercuric oxide — could be resolved into two substances, 
oxygen and a metal By analogy, Lavoisier inferred, in 1793, that the indifference 
of the earths for oxygen is due to their being already oxidised, and he ventured to 
predict that they aie not the simple substances, for he conjectured that it would be 
possible to resolve them into the corresponding metals and oxygen It was reserved 
for H. Davy to realize this prognostication, after it had been shown that the 
electric current could resolve water and certain salts into their elements. H Davy 
tried if the electric current would work in an analogous manner on caustic soda 
and caustic potash As a result, Davy isolated the metal potassium on October 6, 
1807, and sodium a few days afterwards. It is related that Davy was so elated 
with the success of his experiment that he could not contain his joy, but bounded 
about the room m an ecstasy of delight 

H Davy 2 exposed a jiece of solid potassium hydroxide to the atm. for a few 
seconds so that a conducting film of moisture formed on the surface The piece of 
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potash was tL< n plar^d on an insulated disc of platinum connected with the negative 
pule of a battrry, and a platinum wire connected with the positive pole was brought 
m u intact with the upper surface of the potash Davy added : 

Under tht se circumstance^ a vivid action was observed to take place The potash 
began to fuse at both its points of electrification. There was a violent effervescence at 
the upper surface ; at the lower, or negative surface, there was no liberation of elastic 
fluid ; but small globules having a high metallic lustre, and being precisely similar in visible 
character to quicksilver, appeared, some of which burnt with explosion and bright flame, 
as soon they were formed, and others remained, and were merely tarnished, and finally 
covered by a white film which formed on their surface The globules numerous experi- 
ments soon showed to be the substance I was m search of, and a peculiar inflammable 
principle, the basis of potash 


This discovery was soon followed by the isolation of barium, strontium, and calcium. 
By analogy, it was further inferred that all amorphous powders — alumina, magnesia, 
etc — assessing similar properties, were metallic oxides As a result, when a new 
earth is now discovered, chemists believe, by faith, that it is the oxide of a metal 
even in cases where the supposed metal has never been isolated. 


Cathode 


Cavity in block of 
Potassium Hydroxide 


X. M Hopkins * has given the following simple modification of Davy’s experiment ■ 
A small cavity is made m a block of Bodium hydroxide, and the block moistened with 
water. The block is placed on a piece of sheet platinum or nickel Mercury is poured 

into the cavity, and a platinum or nickel wire, 
dipping in the mercury, is connected with the 
negative lead of a direct current of electricity ; 
the plate of platinum or mckel is connected 
with the positive lead, as indicated in Fig 7 
During the electrolysis the sodium hydrbxiae is 
‘moistened from time to time After about an 
hour, the mercury becomes immobile owing to 
the amalgamation of sodium with the mercury 
The two metals can be separated by distilling 
off the mercury ; sodium remains behind. 

Humphry Davy’s process for the isola- 
tion of the alkali metals by the aid of 
the electric current is now regarded as 
the foundation of dry electrometallurgy, 
and justly so m spite of the fact that M 
van Mar urn 4 had previously reduced several compounds by subjecting them to the 
electrical discharge These methods were described m M. van Marum’s pamphlet : 
Experiences, quifont vou ", qu’il y a de la calonque dans la fluid dlectnque (Haarlem, 
1795} He noted that in the^ reduction oxygen gas is evolved, and he credited 
the decomposition to the heating effect of the electric current A few years later, 
J. W. Ritter decomposed silver salts by the discharge from a small electrical 
machine. 



Mercury /n cavity 
Pfarmum fotJ 


Fig 7 — Imitation ot JJavy s Experi- 
ment on Electrolysis of Potassium 
Hydroxide. 


The alkali metals axe strongly ele ctro-positive, and their affinity fox oxygen is 
great- The extraction of such metals from their compounds — oxides or halides — 
requires the use of powerful reducing agents often at a high temp Such operations 
are usually costly and difficult. The electrolysis of aq. soln is not practicable 
because the deposited metal immediately reacts with the solvent, but in some cases — 
eg hthium— the metal can be deposited by the electrolysis of soln. of the salts in 
solvents which do not decompose the deposited metal The most direct process of 
preparing the alkali metals is to electrolyze the anhydrous and fused hydi oxide or 
salts In spite of the losses involved in generating electrical energy, electrolysis is 
often the cheapest way of extracting the light metals. Those compounds which 
melt at a comparatively low temp, are preferred, otherwise the cost of maintaining 
the temp and the corrosive action of the fused salt on the containing vessel and the 
electrodes become a serious factor m industrial work. With sodium, the fused 
hydroxide is preferred as electrolyte; it melts at about 318°, whereas the chloride 
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melts at 801 6 . Sodium boils at 877°, and at the m p. of the chloride the vap. press, 
is high Sodium is the only metal m the alkali family 'which is produc ed co mm ercially 
on a large scale ; potassium is obtained commercially by the electrolysis of fused 
potash, but, m view of the higher cost of potassium salts, and the fact that metallic 
sodium can be used in place of potassium, relatively small quantities of potassium 
are made , kthmrn, rubidium, and caesium partake more of the nature of chemical 
curiosities, and are produced on a small scale 

The general methods for the production of the alkali metals are : (1) Elect* olyiic 
processes involving the electrolysis of (a) the fused hydroxide, or (6) a fused salt — 
chloride, nitrate, cyanide, etc (2) Chemical processes involving the reduction 
of hydroxide, or carbonate, or other salt with carbon, metal carbide, iron, calcium, 
magnesium, aluminium, etc W Spring 5 claims to have reduced a little potassium 
chloride by passing hydrogen over the salt at a red heat 

Electrolysis of the fused alkali hydroxide. — At the time of Davy’s discovery 
the dynamo had not been invented, and the electric current derived from batteries 
was far too costly for the production of sodium on a manufacturing scale In modern 
works, where cheap electrical energy is available, modifications of Davy’s original 


process — electrolysis of fused 
sodium hydroxide — are used for 
preparing sodium industrially 
— e g H Y Castner’s electro- 
lytic process (1890) 6 Potas- 
sium can also be made by 
H Y Castner’s process 

H. Y. Castner’s electrolytic pro- 
cess for sodium. — The sodium 
hydroxide, contained in an iron 
pot set m brickwork, is melted by 
means of a ring of gas jets placed 
underneath ; and kept about 20° 
above the m p (318*) of sodium 
hydroxide The cathode, H , of 
nickel or iron rises through the 
bottom of the iron pot. A, Fig 8, 
and is maintained m position by 
a cake, K , of solid sodium hy- 
droxide m the lower part of the 
pot The anodes, F, several in 
number, are suspended around 
fche cathodes from above A 



cylindrical vessel, ND 3 floats in 

the fused alkali above the cathode, and the sodium and hydrogen liberated at the 
cathode collect under this cylinder The hydrogen escapes through the cover, and the 
atm. of hydrogen in the cy lin der protects the sodium from oxidation A cage of nickel 
wire gauze, AT, separates the anode, P, from the cathode, S From time to time the 
sodi um, D, is skimmed off by means of a perforated ladle, which retains the liquid metal, 
but allows the molten hydroxide to flow back. The oxygen liberated at the anode escapes 
v%& the vent P. 


Hydrogen is a by-product m Castner’s process, and if there be no co mm ercial 
demand for this gas, its production represents so much wasted energy. The 
mechanism of the electrolysis has been investigated by G. J aneczek and by M. le Blanc 
and J. Brode ? If co mm ercial sodium hydroxide is used, the moisture is first electro- 
lyzed giving hydrogen at the cathode, oxygen at the anode , as the electrolysis 
proceeds, the production of hydrogen becomes more and more difficult, until, at a 
certain decomposition voltage, sodium appears If the sodium hydroxide has been 
previously dehydrated, no hydrogen is evolved before the sodium appears. The 
hydroxide is electrolyzed NaOH—>Na the sodium appears at the cathode, 

and, at the anode, the hydroxyl is resolved into water and oxygen. The hydrogen 
which appears at the cathode is the product of a secondary chemical reaction. 
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between the sodium at the cathode and the water formed at the anode : 2Na 
+2H i >0-^i2NaOII+H 2 It is therefore possible to have both hydrogen and 
oxygen liberated at the anode, and explosions may then result Sodium and 
potassium aie soluble in their respective anhydrous and molten hydroxides 8 — 
sodium more so than potassium The solubility decreases rapidly with temp — 
being 23 3 grms of sodium per 100 grins of hydroxide at 480°, and 6 9 grms at 
800°. The secondary reaction between sodium and the water formed at the anode 
is greater at higher temp, because the rate of diffusion of the metal in the electrolyte 
is greater under these conditions The sodium which diffuses to the anode may 
also Teaet with the oxygen there being evolved, forming sodium peroxide : 2Na 
+0 2 ->Na 2 0 2 ; and the latter may react with more sodium, forming the monoxide * 
Na 2 0 2 +2Na->2Na 2 0, These secondary reactions reduce the yield of sodium, and 
31. le Blanc and J Brode estimate that the Castner process cannot give higher than 
a 50 per cent current-efficiency ; they also show that if water could be kept away 
from the cathode — by, say, a current of dry air 9 — and sodium from the anode — by, 
say, a non-corrodible cathode diaphragm — the yield might be augmented. 

The heat of formation of sodium hydroxide, NaOH, is 102 Cals , and since one 
joule is eq to 0 00024 Cal , 102 Cals, are eq to 425,000 joules , and the minimum 
voltage required for the electrolysis of fused sodium hydroxide is 425,000-=- 9 6 540, 
or 4*4 volts, Thomson’s rule gives the decomposition voltage of molten sodium 
hydroxide, 3*1 volts. O. Saekur, 10 and M le Blanc and J. Brode found the de- 
composition voltage of the water present in moist sodium hydroxide to be 1 3 volts 
at 330° ; and for sodium formation, 2 2 volts at 330°. If the average voltage of 
the current running Castner’ s cell is 4 5 volts, and there is a current-efficiency of 
48 per cent , there is an energy-efficiency of 22 per cent 

G. von Hevesy obtained greater yields of potassium by the electrolysis of its 
hydroxide than of sodium with its hydroxide at the same temp. Tot example, 
between 320° and 340°, a 27 per cent, yield of sodium, and a 55 per cent yield of 
potassium, were obtained. This was traced to the increased rate of diffusion of 
sodium from cathode to anode where the metal is lost by secondary reactions ; 
and this the more, the higher the temp. !F. C. Wickel and W. Lobel obtained 
potassium from its hydroxide and metallic sodium, by melting the two together in 
the absence of air ; sodium oxide is formed and potassium distils from the mixture ; 
hydrogen gas also escapes. 

There are other processes analogous to Castner’s which involve no new principles 
and which are used to a limited extent ; for instance, with H. Becker’s process 11 
the form of the cell is modified ; and the contact electrode process of the Chem. 
Eabr. Gnesheim-Elektron, where the cathode does not dip into the electrolyte but 
is merely in contact therewith. 

The electrolysis oi fused alkali salts. — Many attempts have been made to 

E rep are sodium directly by the electrolysis of the fused chloride, since that salt is 
y far the most abundant and the cheapest source of the metal. The high fusion 
temp. ; the strongly corrosive action of the molten chloride , and the difficulty 
of separating the anodic and cathodic products, are the mam difficulties which 
have heen encountered in the production of sodium by tbe electrolysis of fused 
sodium chloride. Attention has been previously directed to 0. E Acker’s process 
for the preparation of sodium, or rather a sodium-lead alloy, by the electrolysis of 
fused sodium chloride whereby sodium is produced at one electrode, and chlorine 
at the other ; but the process does not appear to have heen commercially successful. 
In E A Ashcroft’s abandoned process the fused chloride is electrolyzed in a double 
cell with a carbon anode, and a molten lead cathode The molten lead-sodium 
alloy was transported to a second chamber, where it was made the anode in a hath 
of molten sodium hydroxide whereby sodium was deposited at tbe cathode 
A. Matfchiessen 12 electrolyzed a mixture of sodium chloride with half its weight of 
calcium chloride ; the addition of the chloride of the alkaline earth, said L Grabau, 
hinders the formation of a subchloride. J. Stoerck recommended the addition <yf 
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20-25 per cent, of the alkali fluoride in order to make the electrolyte more fusible. 
R Bunsen's failure to obtain rubidium by the electrolysis of the chloride is thought 
to be due to the formation of the hydride, and not the subchloride as he supposed. 
E. Lmnemann prepared potassium by the electrolysis of fused potassium cyanide ; 
and C Setterherg prepared caesium by the electrolysis of a fused mixture of ccesium 
and barium cyamdes The barium cyanide is added to make the mixture mdre 
fusible. In J D Darling’s process, sodium nitrate was electrolyzed in cast-iron 
pots, the gases evolved were passed into water so as to form nitnc acid as a by- 
product 

In order to obtain metallic lithium, A. Guntz electrolyzed a mix ture of equal 
parts of lithium and potassium chlorides ; and 0. Ruff and 0. Johannsen obtained 
better results with a mixture of lithium bromide with 10 to 15 per cent, of the chloride 
The electrolysis is conducted in a graphite retort with a thick iron wire as cathode, 
and a current of 100 amps at 10 volts gave an 80 per cent yield. 

In R Bunsen’s apparatus, an iron wire and graphite rod dip into the fused ohlonde 
without the aid of the clay pipe In a few- seconds, sayB Bunsen, a small silver-white 
regulus is formed under the fused chloride round the iron wire, and adhering to it, which, 
after 2 or 3 minutes, attains the size of a small pea To obtain the metal, the wire pole and 
regulus are lifted out of the fused mass by a small, flat, spoon-shaped, iron spatula The 
wire can then be withdrawn from the still molten metal, which is protected from ignition 
by the lithium chloride with which it is coated The metal, after cooling under rock oil, 
may now be easily taken off the spatula with a pen- 
knife As this operation can be repeated every 
three minutes, an ounce of lithium ohlonde can 
be reduced m a very short time In F Hiller’s 
modification, 1 * lithium chloride, mixed with am- 
monium chlonde, is heated to its m p m a 
porcelain crucible. Fig 9 A piece of iron wire, 
passing through the bore of a “ clay ” tobacco 
pipe inverted in the molten ohlonde, serves as 
cathode , and a rod of retort carbon serves as 
anode For the sake of clearness, the drawing. 

Fig 9, baa been made as if the parts of the 
apparatus were transparent If desired a stream 
of dry hydrogen gas can be passed into the tobacco 
pipe so that th j liq u id about the cathode is not Fig. 9 — Preparation of Ltitbium by 
exposed to oxygen. A current from a battery the Electrolysis of its Chlonde 

giving 7 to 8 v<5ts serves for the electrolysis of (Diagrammatic), 

the molten chlonde The reduced lithium rises to 

the surface of the liquid m the compartment where it is protected from oxidation Before 
using the apparatus it is advisable to cover the crucible and pipe with a layer of powdered 
graphite made into a slip with a dxl. soln of lithium chloride. The coating is dried and 
baked at a red heat This prevents the formation of lithium sihcide by the action of the 
fused chloride on the clay After an hour's electrolysis, the apparatus can be cooled, and 
the regulus of lithium removed by breaking the pipe. 

Lithium cannot be obtained by the electrolysis of aq. soln of its salts, but 
L Kahlenberg obtained it by the electrolysis of soln. of the chlonde in pyridine, 
acetone, or in various alcohols Silvery white lithium was obtained from a cone, 
soln. of lithium chloride in pyridine at the room temp usin g a graphite plate as 
anode, and an iron plate as cathode with 0*2 to 0*3 amp. per 100 sq cm. of cathode 
surface, and a potential difference of 14 volts. 

Reduction oi glknii salts by carbon oi the carbides. — In 1808, E. R Curaudau 
used charcoal as reducing agent. The reaction is endothermic : R2^0g+2C 

=3CO+2K— 189 Cals., but at the high temp, of the retort, the thermal value of the 
process will be very different from this — part of the carbonate, for instance, will be 
dissociated It was found important to get an intimate mixture of the alkali and 
the carbon This was obtained by heating acid potassium tartrate m a covered 
crucible Others have proposed mixing the carbonate or hydroxide with tar, 
glucose, or other organic compounds. 16 Lithium cannot be prepared by the 
reduction of the hydroxide or carbonate with carbon as is possible with the other 
vol. ii. 2 a 




450 


INORGANIC AXD THEORETICAL CHEMISTRY 

alkali mrtaU In F R Curaudau's process, the mixture was placed m a wrought-iron 
lt mercury butih. 1 " the exit condensing tube dipped in rock oil Many improve- 
ments in Cuiuuuau's process were introduced by H Brunner, F. Wohler, and 
F Dormy and J Mareska. 16 In the preparation of the element by the action of 
carbon on putassmm carbonate at a high temp : K 2 00 3 +2C=2K-i-3CO, if 
the vapour of the potassium be not rapidly cooled, a black explosive compound 
with the carbon monoxide is said to be formed — potassium carbonyl, possibly 
K 2 (C(); 2 , that is, E— CO— CO— K Until cheap electric energy was available, 
H - St, - (I Deville's modification of this process was employed He obtained 
sodium by strunglv heating an intimate mixture of sodium carbonate, coal, and 
chalk m an iron retort, and condensmg the volatilized metal H St C. Deville 
required considerable quantities of sodium for use in his process for aluminium , 
and his works at Salindres (France) were the means of reducing the cost of a kilo- 
gram of sodium from 2000 francs in 1855 to 10 francs m 1859 Other reducing 
agents were proposed — for example, H, Y Castner (1888) 17 used iron carbide — FeC rt . 
Calcium carbide, CaC^, has also been used for the same purpose : 6KOH+2CaC 2 
=6K+2CaO+iCO-f3H 2 The Chem Fabr Griesheim-Elektron also patented a 
process for reducing sodium or potassium fluoride, or fluosihcate, with or without 
cryolite by means of calcium carbide. 

Reduction of alkali salts by the metals* — Soon after Davy’s discovery of the 
alkali metals, J. L Gay Lussac and L J Thdnard (1808) 18 prepared potassium by 
heating metallic 'iron with potassium carbonate or hydroxide at a white heat : 
4K0H+3Fe=Fe30 4 +2H 2 +4K The vapour of the liberated potassium was con- 
densed in a copper receiver containing Took oil to prevent the oxidation of the metal. 
In 1872, C E Dolbear proposed to reduce the sulphide with iron filings Lithium 
cannot be prepared by reduction with iron as in the case of potassium or sodium. 
Sodium chloride mixed with powdered lead heated red hot in a closed retort gives 
metallic sodium: 2iSJ‘aCi4'Fb~PhCl 2 +2Na. By heating the alkali chlorides 
with metallic calcium 19 in an exhausted hard glass tube, potassium, caesium, and 
rubidium have been prepared The reaction commences between 400° and 500°, 
and the heat developed volatilizes the alkali metal which can then be driven into 
the cooler part of the tube and sealed oS Lithium could not be so obtained because 
it furnishes an alloy containing 3 or 4 per cent, of calcium, and from which the latter 
metal cannot he readily separated All the chlorides of the alkali metals are 
incompletely reduced to metals when heated with magnesium . The hydroxides or 
carbonates of the alkali metals — excepting caesium — are reduced by heating a mixture 
of one mol. of the carbonate with three gram-atoms of magnesium The reduction 
is effected in an iron tube previously deoxidized by heating it with a stream of 
hydrogen passing along the interior. The reduction is less violent, the higher the 
at wt. of the element The reaction with lithium proceeds with explosive violence, 
and the metal is volatilized ; with potassium and rubidium, the reaction proceeds 
quickly without any marked volatilization of the metal, although with potassium 
there is a risk of forming the explosive carbonyl which is eliminated by using the 
hydroxide. To lessen the violence of the reaction, C. Winkler recommended adding 
about 40 per cent, of magnesia With aluminium metal in place of magnesium, some 
alkali aluminate is formed, and the yield is considerably reduced. N. N Beketoff 20 
prepared potassium, rubidium, and csesium metals in this manner. The Chem. 
Fabr Griesheim-Elektron patented a method in which a mixture of al uminium 
with potassium fluoride or fluosilicate was heated in an iron retort. 

References, 

1 E. F. Noithrup, Jourru FranJchn Insl , 166 1, 1908. 

* H. Dsvy, Phil. Trans., 98. 1, 333, 1808, 99 30, 1809 ; 100. 16, 1810 

* N. M. Hopkins, Experimental Electrochemistry , London, 5 10Q5 , O Saokui, Zeit anorg. 
Chem , 28 385, 1901 

4 M. van Marram, Verb. Teyler's Genooisch , 9, 1795 ; Gilbert's Ann , 1 266, 1799 , J W. Ritter. 
i5 , 9 1, 1801 



THE ALKALI METALS 


451 


* W Spring, Bear , 18 345, 1885. 

* R Lorenz and W Clark, Zcit Ehltrochcm , 9 269, 1903 , H Y Costner, U 8 Pat No . 
452030, 1890; Brit Pat No 13356, 1890, 10016, 1892; H E Ro&coe, Proc Roy. Inst, 12 
453, 1889; H Rose, Pogg Ann, 120 1, 1863, 0 Sackur, Zeit anorg Chem, 2 8 386, 1901; 
B- Becker, Die ElectrometaUurgie dee Allahmetall *, Halle, 1903 

7 G Janeczek, Ber , 8 1018, 1875, M le Blanc and J. Erode, Zeti EleLtrochem , 8. 717, 

1902 

* G von Hevesy, Zeit Elelti ochem , 15 539, 1909 

* T. Ewan, Bnt Pat No 14739, 1902 

10 O Sackuz, Zeit anorg Chem, , 28 385, 1901, M le Blanc and J Erode, Zeit EleUrochcm , 
8 697, 1902 ; G von Hevesy, tb , 15 539, 1909 , F C Wickel and W Lbbel, German Pat ,2) R P. 
307175, 1919 , G von Hevesy, Ueber die schmelzelektrolytx&che Abscheidung dir Allalvnctalle aus 
Aetzalkahen und die LCahthkeU dieter Metalle in der Schmelze , Freiburg, i Br , 1908 

11 H Becker, Bnt. Pat No 11678, 1899; Die Elektrometallurgie dea Alkahmetalle, Halle, 

1903 , M le Blanc and C F Carrier, Zeit EleLtrochem , 10 668, 1904 

11 C E Acker, Bnt Pat No. 6637, 14267, 1898; E A Ashcroft, Trans Amer Elect} ochem 
Soc t 9 123, 1906 , EleLtrochem Tnd , 4 477, 1906 , A Matthiessen, Liebig's Ann , 93 277, 1835 , 
R Bunsen and A Matthiessen, ib , 94. 107, 1855 , 3? Jablochkoff, Dinglcr's Join n , 251 442. 
1384 ; H Sclimtzler, ib , 211 485, 1874, C. H. W Hoepfner, German Pat , D R.P 30414, 1S85 ; 
W Rathenau and C Suter, ib , 00672, 1S98; M Sprenger, ib , 39554, 1887; L Grabau, 16 „ 
56230, 1891 , J Sfcoerk, ib , 68335, 1893 , W 8 Richardson and W J Grey, Bnt Put No 
4417, 1884 , P Danckwardt, U. 8 . Pat. No 607506, 1898 , S A Tucker, Journ Amer Chem 
Soc., 24 1024, 1902, W BorcherB, Zeit angew Chem., 7 356, 486, 1893, Zeit EleLtrochem 2 
39, 1895 ; O Ruff and O. Johannsen, ib , 12 186, 1906 , L Troost, Ann Clnm. Phy ? , (3), 51 
103, 1856; Compt. Bend, 54 366, 1862, A Guntz, ib , 117 732, 1893; A J. Roger, Chem . 
New, 60 228, 1869; G Setterberg, Liebig's Ann , 211 100, 3S82 , E Lumemann, Journ prakt 
Chem , (1), 73 115, 1858 , (1), 75 128, 1858 ; J D Darling, US Pat No 517001, 1894 ; 59082G, 
641, 438, 1900 ; Journ . Franklin Inst , 153 61, 65, 1902. 

13 L Vanino, Handbuch dear praparativen Chemie, Stuttgart, 1 246, 1913 ; F. Hiller, Neues 
Handxodrterbuch der Chemie , Braunsohweier, 4 134, 1882 

14 S von Laszczynsky, Organische FlussigLetten als Losungsmittel [Hr anorgamsche Bake, 
Berlin, 1894 ; Ber , 27 2285, 1894 ; Zeit EleLtrochem , 2 65, 1895 , S. von Baszczvnsky and St 
von Gorsky, ib , 4 290, 1898, L Kahlenberg, Journ Phy a Chem , 3 601, 1899 , H G Patten 
and W. R Mott, ib , 8 153, 1904 

15 J B, Thompson and W White, German Pat , D BP 43235, 1887 ; O. M. Thowless, %b, 
45378, 1887 , C Netto, ib , 45106, 1887 

18 F. R Curaudau, Ann Chvm Phya , (1), 66 97, 1808 ; J Mareska and F. Donny, ib., (3), 
35. 147, 1851 ; H Brunner, Bibl Unw Qenbve, 22 36, 1877 ; F Wohler, Pogg Ann , 4. 23, 
474, 1825, A. Pleischl, Zeit Phya. Math , 2 307, 343, 1833 , 8 326, 1835; A Werner, Journ 
prakt. Chem, (1), 14 267, 1838; H St. C Deville, Compt Bend, 45. 857, 1857; J J Berzelius, 
Gilbert's Ann , 37. 416, 1811. 

17 H. Y Castner, Bnt. Pat No 7395, 1886 ; Journ Franklin Inst , 92 347, 1886 , Chem 
News , 54. 218, 1886; Chem Fabr. Gnesheim -Elektron, German Pat , DBP 138368, 1901; 
G. Wolfram, ib , 101374, 1897. 

18 J L Gay Lussac and L J Th6nard, Becherches phyetco-chimiques, Paris, 1 74, 1811 ; 
C. E. Dolbear, Chem News, 26 33, 1872. 

18 H N Warren, Chem Neios, 73. 284, 1896 ; E Graefe and M Eokardt, Ze %t anorg. Chem , 
22 158, 1899; 23 378, 1900, C. Winkler, Ber 9 231 61, 1890 ; H Erdmann and P. Kothner, 
Liebig's Ann , 294 56, 1899 , K Seubert and A. Sohmidt, ib , 267 218, 1892 ; H. Erdmann and 
A E Menke, Journ . Amer . Chem Soc , 21. 259, 1899 ; A E. Menke, ib , 21. 420, 1899 ; L. Franck, 
Chem Ztg , 22. 236, 1898 ; L Hackspill, GompL Bend , 141 106, 1905. 

*° N. N Beketoff, J ourn. Russian Phya. Chem Soc , 20 363, 1888; BvU Acad. St Petersburg. 
(4), 18 25, 1869 ; (4), 34 169, 1892 . N N Beketoff and A. Scherbatscheff, tb , (5), 1 61, 1894; Zeit 
Chem , (2), 1 378, 1865 ; D Franck, Bull 800 Chim., (3), 11 439, 1894 ; Chem. Fabr. Gneaheim- 
Elektron, German Pat., D.B.P. 140737, 1901. 


§ 7. The Properties of the Alkali Metals 

The properties of the alkali metals and of their salts are roughly functions of the 
at wt of the metals There is generally a break in the curve about potassium so 
that lithium and sodium form one series, and potassium, rubidium, and ceeaium 
another. The properties of the series, K, Kb, Cs generally change more regularly 
than the senes Li, Na, K, although some irregularities do occur — e.g the mp. 
of the nitrates. 

The alkali metals are all silvery whit© ; these metals frequently have a yellow 
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tinge paxticulaily when reduced from their chlorides by calcium The colour is 
due tu tin-* presence of impurities, in this case nitrogen, not oxgyen, derived from 
the an 1 A W Hull 2 found that the X-ray spectrum of sodium and of lithium 
gave spacinas characteristic of a centre-faced cubic lattice with 2 03, that is, two 
atoms per elementary cube 

The five metals are all lustrous, and they tarnish at once on exposure to air 
owing to the formation of a surface film of oxide. Lithium changes the most 
slowly, caesium the most quickly. The metals are therefore preserved m well- 
stoppered vessels, or immersed m a liquid containing little or no oxygen — e g water- 
free etheT, naphtha, or petroleum. In order to obtain the silvery-white sodium, 
etc , the metal is distilled m a stream of hydrogen, and the glass tube immediately 
sealed M Rosenfeld 3 recommends cleaning the crusted alkali metal by immersing 
it in a mixture of amyl alcohol with three parts of petroleum and rubbing it with 
a rag soaked in the same mixture until the surface has become silvery- white ; the 
metal is then placed in petroleum containing 5 per cent of amyl alcohol, washed 
in petroleum, and finally preserved in a soln of petroleum with 0'5 to TO per cent 
of amyl alcohol W. Yaubel says that sodium can be kept a long time m vaseline 
without forming a surface crust The metal retains its lustre under petroleum 
only when no oxygen is present Acid products are present in petroleum, and these 
form a crust with sodium ; it is said that this can be prevented by shaking the 
petroleum with potash-lye, or by distilling it in a stream of hydrogen or carbon 
dioxide 

The fractured surface of potassium shows brilliant facets According to 
C E Long, 4 when potassium or sodium is melted in a glass tube in an atm of coal 
gas, and the fluid portion poured from the partially congealed mass, octahedral 
crystals belonging to the tetragonal system aie formed , but, according to E Schoedler, 
the crystals — e g sublimate — axe usually cubes, belonging to the cubic system. 
Crystals of sodium can be obtained by sealing up the metal with hydrogen under 
reduced press, m a glass tube fitted m the interior with some wire gauze at a con- 
striction in the middle of the tube. The sodium is melted at one end of the tube 
and filtered through the wire gauze. The tube is then sealed off at the constriction 
The metal is melted, allowed to congeal partially, and the interior liquid portion 
suddenly run away from the solid by turning the tube According to & S Newth, 
a tlnn layer of rubidium between two plates of glass is indigo blue , potassium 
appears bluish-violet ; lithium, dark reddish-brown ; and sodium, yellowish-brown ; 
while W L. Dudley 6 found that the vapour of potassium at its b p has a greenish 
colour, and at a red heat, bluish-violet ; the vapour of sodium m thin layers appears 
colourless, m thick layers purple-red, and at higher temp, yellow, while the 
vapour of rubidium is blue with a greenish tinge. According to E Lumemann, 
the oxidation of sodium at ordinary temp is accompanied by a greenish phos- 
phorescence ; 0 and if, when the phosphorescence has ceased, the metal be heated 
to 60° or 70°, the phosphorescence reappears An analogous phenomenon occurs 
when sodium acts on water in darkness. The bluish-white streak which sodium 
makes on paper shows a green phosphorescence which persists longer than the 
greyish-white streak made by potassium because sodium is not so rapidly oxidized 
as potassium. 

Different numbers have been reported for the specific gravities 7 of the alkali 
metals, presumably owing to the presence of impurities, as well as to differences of 
temp. The best representative values at 20° aTe as follows * 

Lithium Sodium. Potassium. Bubidirun CeBalum 

Bp gr , solid (20°) * .0 543 0 9723 0 859 1*525 1 903 

At. vol 13*1 23 7 45*5 56 0 71 6 

Expansion on maltmg . I 51 2 57 2*60 1 657 1 393 per cent 

The metals lithium, sodium, and potassium are thus lighter than water Lithium 
is specifically lighter than any other element solid at ordinary temp ; it floats on 
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petroleum. According to G Vicentini and D Omodei, solid sodium at its m p. 
y" 8° lias a sp gr. 0*9519, and liquid sodium, 0 9287 ; solid potassium at its mp. 
63 5°, 0*851, and liquid potassium, 0*8298. Sodium at its b p. bas a sp gr. 07414 ; 
and at the temp of liquid air 1 0066 Potassium is specifically lighter than sodium, 
and has nearly twice its at vol The at vol of caesium is larger than that of any 
known element K F Slotte estimated the edge of the molecular cube of liquid 
and solid sodium and potassium to be respectively 8 7 X 10 -9 cm. and 10 7 X 10~ 9 cm. 
It is of historical interest to note that m 1808 H Davy determined the sp. gT. of 
sodium by finding the proportions of oil of sassafras and naphtha to be raised to 
produce a liquid in which the metal remains suspended without sinking or floating. 
This, said W Ostwald, shows that H. Davy discovered the method of finding the 
sp gr. of solids by suspension, a method attributed by J. W. Retgers to A. Dufour. 

Hardness. — The mineralogist defines hardness as the resistance which a body 
offers to the penetration of points or edges, and when one body A scratches another 
body B, then A is said to be harder than B A series of bodies A, B, C, . • , is 
arbitrarily arranged so that A scratches B, B scratches 0, . . and not conversely. 
It is assumed that if a pomt or edge of A scratches a plane surface of B, then a point 
or edge of B will not scratch a plane surface of A Taking a hint from R J. Haiiy, 
F. Mohs devised an arbitrary scale of hardness : talc, 1 ; gypsum, 2 ; calcite, 3 ; 
fluorspar, 4 ; apatite, 5 , felspar, 6 , quartz, 7 ; topaz, 8 ; corundum, 9 ; diamond, 
10 A hardness represented by the number 6 means that it can be scratched by 
bodies above it m the series, and scratch bodies of hardness below it in the series. 
H Behrens made the scale more even and regular by using a series of alloys. 
F Auerbach prepared fourteen samples of Jena glass of different degrees of hardness, 
and found that any one variety could be scratched by the other , and he therefore 
showed that if resistance to scratching be accepted as a definition of hardness, then, 
of two samples of glass, that is the harder which makes the deeper scratch on the 
other, when the test is made under like conditions 

E. Winkler, F Grashof, H. Hertz, 8 etc , have studied the stresses which are set 
up when two elastic isotropic bodies are m contact over a portion of their surface, 
when the surfaces of contact are perfectly smooth, and when the press exerted be- 
tween the surfaces is normal to the plane of contact H Hertz showed that there is 
a definite pomt in such a surface representing the hardness defined as the strength 
of a body relative to the kind of deformation which corresponds to contact with a 
circular surface of press , and that the hardness of a body may he measured by the 
normal press per unit area which must act at the centre of a circular surface of 
press in oideT that in some point of the body the stress may first reach the limit 
consistent with perfect elasticity If H be the hardness of a body m contact with 
another body of a greater hardness than E s then for a circular “ surface of pressure ” 
of diameter d; press, p ; radius of curvature of the line p ; and the modulus 
of penetration E } 



or E~ 



The resistance to penetration defined in this sense is called by F. Auerbach the 
absolute hardness of a body, and he has designed an apparatus for measuring this 
property. 

While hardness may be regarded as the resistance which a body offers to pene- 
tration, the resistance is largely determined by the nature of the applied stress. 
There is the resistance which a body offers to the abrasion of, say, a sand-blast ; the 
resistance it offers to a press. ; the resistance it offers to a cutting tool ; resistance 
to deformation, etc. Accordingly, there is a scratching hardness, an abrasion 
hardness, a cutting hardness, an elastic hardness, a tensile hardness, etc The 
usual tests of hardness are static in character, but with kinetic tests, the penetrating 
body is moving with an arbitrarily assigned speed As a result, numerous definitions 
of hardness have been proposed, and numerous instruments have been designed 
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fnrii.^j-uijiijLanliiesv — rq T Turner's and A Martens' sclerometers, 9 A F Shore’s 
svlt*T<.-r'<*pr , J A Brinell s indentation test, W J Keep's drill test, etc In 
T Turner r- instrument the load required to make a pointed diamond cut a scratch 
of jriven width is measured ; in A. Martens' instrument, the width of the scratch 
with a definite load is measured ; m J A Brmell's apparatus, a hard steel ball 
(^av 10 mm. diam ) is forced into the smooth surface to be tested, and the depth of 
the indentation measured , the quotient obtained by dividing the press m k grm 
by the spherical area of the cavity m sq. mm is taken as a measure of the hard- 
ness P Ludwik used a steel cone m place of J A Brrnell s ball According to 
N. S Kumakoff an<l S F. Schemtschusehnv BrmelTs hardness number is really 
a measure of the plasticity of a metal A F Shore's scleroscope measures the 
rebound of a hard body dropped from a given height on to the surface to be tested, 
T, A. Jagger and H 0 Boynton used a drill with a diamond pomt, and W J Keep’s 
hardness-testing machine measures the number of revolutions required to make 
a drill with a definite load cut a hole to a definite depth. A Kurth, R P Devries 
and A F. .Shore, and R Guillery measure hardness in terms of the tensile strength 
or the lower elastic limit of a metal for as C Karmarsch showed, the harder a metal 
the greater its tensile strength 

Just as the press of a gas, at a given temp , is proportional to the number of mols 
in unit space, so, with a homogeneous solid, it might be assumed that the resistance 
it offers penetration by another body will mciease as the number of atoms in unit 
volume increases, and accordingly, S Bottone 10 was led to postulate that hardness 
varies inversely as the at. vol ; and it is found generally that soft metals have a 
large at vol and hard metals a small at vol For example, with S. Bottone’s 
scale of hardness : 


Hard impels 

Metals of medium 
Imrdness. 

Soft metals 

Very soft metals. 

| At vol 

n. 


At vol 

H 


At vol 

H 


At vol 

H. 

Ni 

. | 67 

HUM 

Ir 

8 0 

984= 

A1 

10 6 

821 

Na . 


400 

Co 

. 1 6 9 

IcbM 

Pd 

8 9 

1200 

Cd 

12 9 

760 

K . 


230 

Mn 

. 6 9 

sHlrntfl 

Zn 

9 1 

1077 

Mg 

13 8 

720 

Rb 


■ — 

1«V 

7-2 

1375 

Pt . 

9 I 

no7 

Sn 

16 1 

651 

Ca . 

71 0 

— 

Cn 

7-2 


Au 

10 2 

970 

Th . 

17 3 

565 

Ca 

36 6 

405 

Cr 

7 7 

i ] 

1360 j 

Ag 

10 2 


Pd 

| 18 1 

1 

570 

Sr 

i 

35 1 

* 


Allowing for variations in the hardness due to impurities, it therefore appears that 
hardness measures the resistance offered by the mols of a substance to their separa- 
tion by the penetration of 
another substance G A, 
Kenngott, A. Schrauf , C Bene- 
dicks, and J. L C Schroeder 
van der Kolk have also tried 
to establish empirical relations 
between hardness and other 
physical properties of the 
elements It follows that if 
hardness vanes inversely as 
the at vol — or atom cone — 
the curve obtained by plotting 
the hardness of the elements 
against the at wt. will exhibit 
and this was shown to be the 
0. A. Edwards also 



Fig. 10. — Periodic Curve showing the relation between 
the Hardness and Atomic Weight of the Elements 


* ft periodic character like the at. wt -at vol. curve ; 
case by J. R. Rydberg, m the curve illustrated m Fig. 10. 
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found the hardness of the solid elements to be a periodic function of the at. wt ; 
and that while theie is a close connection between the hardness and at vol curves 
there is an even closer parallelism between the hardness and absolute m p curves. 
Practically, all the changes m the m p curves are ledected by corresponding changes 
m the hardness 

The hardness of a metal is greatly influenced by the presence of small amounts 
of other elements N 8 Kurnahoif and S F Sehemtsckus* hny have shown that 
when two metals unite to form a solid so In there is a continuous series of mixed 
crystals, the curve of hardness is a continuous one which passes through a maximum, 
and this point of maximum hardness generally corresponds with that of minimum 
electrical conductivity When the metals form alloys which solidify as a mechanical 
mixture of two components the hardness curve is approximately a straight lme. 
When the metals form only a limited series of mixed crystals the curve of hardness 
n, a combination of the two foims previously mentioned , while, lastly, if the two 
metals form a definite chemical compound this may be either harder or softer \ han 
the constituents Again, m passing horn either end of a senes of solid solus towards 
the centre of the senes it will he found that the hardness, the limit of elasticity, 
and the tensile strength increase, but the ductility (as measured by the extension 
and the reduction of area) and the electrical conductivity decrease The m p 
usually changes fairly regularly throughout the senes. The facts are illustrated 
diagrammatical ly in Fig. 11 A Kurth 
showed that with the non-ferrous 
metals — copper, silver, nickel, alu- 
minium, zinc, and tin — the hardness 
decreased as the temp rose, hut with 
annealed steels— 0 2 to 0 75 per cent 
carbon — the hardness decreased as the 
temp rose to 150° , increased a little 
from 150° to 250° , and decreased 
between 250° and 500° C A. Edwards 
gave 0*07 for BrmelTs hardness of 
sodium, and 0 04 for that of potassium. 

Sodium at 50° is soft, and at 
ordinary temp it may he squeezed 
with the fingers, at 0° it is very ductile, 
and at — 20° it is hard 11 Lithium is 
harder than sodi um or potassium, hut it can he scratched by lead, drawn into ^re, 
or rolled into thin plates Potassium is harder than sodium, but it can be scratched 

by lithium, lead, calcium, and strontium Caesium is one of the softest of metals, 
rubidium comes next ; at —10° rubidium is as soft as beeswax. N Slatowratsky and 
G T amma nn & tried to find if crystals of potassium and sodium softer i m the 
neighbourhood of their m p. by heating them under a load near their m p Under a 
press of 27 5 kilograms per sq cm the depression 2° below the m.p was 48 units tor 
potassium and 60 units for sodium; 5° below the m p the depression was respec- 
tively 8 3 and 36 , 10°, 7 7 and 24 units , and 15°, 7 and 18 units C. A. Edwards 
gives 0 07 and 0 037 respectively for the BrmelTs hardness numbers of sodium and 
potassium According to J R Rydberg, ^ the relative hardness of the alkali 
metals at ordinary temp is indicated in the following table, which also includes 
T W Richards* values at 20° for the average compressibilities, p, of the alkali 
metals for press between 100 and 500 megabars The values of p represent e 
average fractional changes of vol. caused by one megabar press between 100 and 
500 megabars referred to the volume v 0 of the uncompressed substance— dvl(v 0 dp)' 
Mercury, the standard of reference, has 0*00000395 megabars at 20 . 

Lithium. Sodium. Potassium Utibidinm 

: SSmm o°o»oi5a 0°™uOTi7 0 000040 oooooei 



/00%A 


Composition 


m%& 


Fig. 11 — Relation between Hardness and 
other Physic al Properties of Solid Solutions 
(Diagrammatic). 
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The compressibility of ceesrom is very high, and appears to be connected with the 
high at vol of this element. The change of volume 14 of potassium at atm press 
is U 026S0 c c per grm , and of sodium, 0 02787 ; at 1000 kilogrm. per sq cm press , 
0 0236S c c. for potassium and 0 02555 c.c. for sodium ; at 6000 kilogrm per sq. cm, 
press., 0*01347 c.c. for potas<uum and 0 01873 for sodium ; at 12,000 kilogrm per 
sq. cm press , 0*00642 for potassium and 0 01398 for sodium. The surface tension 
of molten, sodium in an atm. of carbon dioxide and at a temp slightly above its 
m.p. is 25*75 mgrrm per mm according to G. Quincke, 16 and 27 23 mgrm, per mm. 
according to E. B. Hagen. The surface tension of sodium at 90° m an atm. of carbon 
dioxide is 293*6 dynes per cm ; and of potassium, at 62°, 411*5 dynes per cm. 
The sp. cohesion — a 2 =2a/S, where S denotes the Bp. gr. of water and a the surface 
tension — is 64*4 per sq. mm. for sodium and 101 1 for potassium M. von Wogau 
found the rates of diffusion of the alkali metals in 0 1 per cent, mercury amalgams 
are : lithium at 8*2°, £=G 66 ; sodium at 9 6°, &=0*64 ; potassium at 10 5, ft=0 53 ; 
rubidium at 7*3°, £=0*46 , caesium at 7 3°, fc=0 45, where Jc denotes the quantity 
of substance (mol per litre) which passes per sq. cm. between two planes 1 cm. 
apart with unit difference in cone, on the two planes, per day. W. Wens found 
the velocity of sound in the vapour of potassium at 850° to be 652 metres per sec. 

The melting points of the metals, reported by different investigators, vary 
somewhat owing probably to differences in the purity of the specimens used for 
the determination. 16 The best representative values axe indicated in Table TTT. 
According to P. W. Bridgman, the effect of press in kgnn per sq cm. (1 atm. 
=1*033 kgnn. per sq. cm.) on the m p. 9 of potassium and sodium is as follows : — 


Press. 

■•li 


1 1000 2000 4000 6000 8000 10000 12000 

97 6° 106 2° 114 3° 129-1° 142 9° 155 0° 166 6° 177 2° 

, 8 6° 8-1° 7-4° 6 7° 6 2° 5 8° 5*3* 

62-5° 78-7° 92 4° 115 8° 135-4° 152 2° 160 7° 179 5° 

. 16 2° 13 7° 11*7° 9 8° 8 4° 7 2° 6 4° 


According to G. Tammann, the mp., d° i of potassium is d==59*5+0*0146p 
+0 000000 7p 2 . The changes in volume of the liquid dvJdT and of the solid, dvJdT 
at the m.p are respectively 0 000299 and 0 000216 for sodium, and 0*000360 and 
0*000276 for potassium. P. W. Bridgman found the effect of press., p 3 m kgrms. 
per sq. cm., on the m.p,, 6°, of lithium to be 


P . . 0 1000 3000 5000 7000 8000 

e . . 178 4° 182-1° 188 8° 194'6° 199*4° 201*6° 

The results aie thus characteristic of a liquid which contracts on freezing j and 
the mean value of the increase in vol. on melting is 0 006. The boiling points of the 
elements also vary considerably. 17 The best representative values are indicated in 
Table III. Lithium volatilizes at & bright red heat. According to A Gebhardt, 
the vapour pressure of sodium at 


380 ° 420 ° 480 " 

Vap press . 1*2 2-0 6*1 


520 ° 540 ° 

12 4 18-5 


550 * 660 ° 670 * 

23*0 32 2 80 2 mm. 


and, according to F, Krafft and L. Bergfeld, sodium boils m the vacuum of the 
cathode light at about 140°, and potassium at about 90°, G Bartha gave for the 
b.p. of the metals in the cathode fight : 575°, lithium ; 420°, sodium ; 370°, potas- 
sium ; 355°, rubidium ; and 315°, caesium. A. Kroner calculated the vapour 
pressure of lithium to be 


Li 


680 * 781 * 

0 05 0*60 


755 * 709 ° 867 ° 

1*0 1-7 3*7 


A Kroner gave fox potassium and esesium 


Cb 

K 


24 © 5 " 
0‘31 
0 05 


288 - 0 * 

1-34 

0*21 


827 * 2 * 

3*61 

0-73 


885 0 ° 
4 49 
0-95 


856 * 5 ° 

665 

1*51 


900 ° 

55 


881 * 5 ° 

2*84 


1000 ° 

760 mm. 


898 6 ° 

15 88 (397°) 
4*01 
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The value for ceesium at 397° is by L HaekspiU, who also obtained values for 
sodium, potassium, caesium, and rubidium, and for the latter he gave 

250 s 202 s 305° 330 J 340= 853° 366° 

Rb . . 0 06 0 08 1 46 2 06 3 29 4 25 — 

The latent heat of fusion 18 per gram is indicated m Table III along with the 
best representative values for the m p and bp E Griffiths found the latent heat 
of fusion of sodium to be 27*1 cals per gram , I. Iitaka gives 2 60. A Thum gave 
32 81 grin. cals, for lithium. E Rengade gave for the heat of fusion of sodium 
27 21 ; potassium, 14 67 , rubidium, 6 144 , and caesium, 3 766. Trouton’s ratios 
of the atomic heat of fusion to the absolute m p. are respectively 1 69, 1 70, 1 68, 


Table III — Heat Constants for the Alkali Metals. 



Lithium 

Sodium 

Potassium 

Rubidium 

Caelum 

M p. 

180° 

97 6° 

03-5° 

1 39° 

28*5° 

Bp, 

Heat of fusion 

+ 140')° 

877 5° 

759° 

696° 

670° 

per grm. 

At ht of 

— 

27 21 

14 67 

6*144 

3 766 Cals 

fusion 

0 941 

0 9811 

0 1728 


0 0622 

Entropy at 25° 

7 6 

12 2 

19*7 

j 0*0802 



and 1 66. P W. Bridgman found the latent heat of potassium changed from 5*51 
kdogrammetres per gram to 5 81 at 1000 kilo grins, per sq. cm , while the corre- 
sponding values for sodium changed from 12 90 to 12 46 ; there is a maximum of 
6 22 with potassium at 4000 kilogrm per sq cm press , and a minimum of 11 "93 
with sodium at the same press. , the value for potassium at 12,000 kilognns. per sq. 
cm. press is 4 83, and with sodium 12 72 kdogrammetres peT grm The specific 
heats 19 are indicated below. The sp ht of sodium from 


-191° to —83° 

—79 6° to 17° 

0° to 20° 

to 66 5 

to 78° to 97-63° 

to 100° 

to 167“ 

0 2433 

0-2830 

0 2970 

0-3071 

0 3191 0 3290 

0*3330 

0-3330 

and for potassium from 






-191° to —80° 

—78 5° to 0° 

0° to 22*3° 

to 66 6° 

to 62-04° to 78“ 

to 100° 

to 157“ 

0 1568 

0 1662 

0*1878 

0-1922 

0-1980 0 2137 

0*2170 

0 2246 


The sp. ht of rubidium between 20° and 35° is 0 07923, and of caesium from 0° to 
26°, 0 04817. R Lammel’s value for lithium at the m p. (193°) is 1 3 , and for 
sodium at the m.p (100°) is 0 35 E, D. Eastman and W. H. Rodebush’s value 
for the atomic heats of sodium at the absolute temp. T is 

T°K . . 64 6° 71*1° 84-6° 166 8° 181*7° 234 7° 293*5° 

0$ . 4*52 4*77 6-08 0 02 6*15 6 43 0*79 

Ov • . .4 47 4*71 5*00 5*82 6 91 6*07 6*29 

similarly for potassium 

T°K. , . 68*6° 76 0° 87*0° 1018° 119*3° 199*5° 286*7° 

Gp . 5*76 6 78 5*96 6 00 6 23 0*72 7*10 

Ox 5*69 6 70 5*86 6 95 6 07 6*37 6*62 

For each metal, therefore, the at. ht. Q z rises well above the normal value 6. 
For potassium at the m.p L. Pxotz gave for the atomio heat of the solid C p =7 81, 
and C7„=7*26 ; and of the liquid, G p = 7 96, and C v =7 25 , similarly, E Griffiths 
gave for solid sodium Cp=7*49, and C v =6* 71 , and for liquid sodium, Op=7‘43, 
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and C, —6 * • J P Grnther measured the sp ht of sodium between — 186° and 
— Up , and found the results aareed with those calculated by P Debye's formula 
on the assumption that j3v=125 A. Bernini measured the sp ht of sodium 
and pntus-ium ; and A Thum that of sodium and of lithium The latter gave for 
sodium 0 ]7t3 at —273°, and 0 3309 at 13U°. E. Rengade gave for the sp. ht of 
solid sodium 0 2^11+0-0002320 and for the liquid O 33( > at 98° , for solid potassium, 
0 1728+0 00014:20, and for the liquid 0 1422+0 0006680 , for solid rubidium, 
01 0)802+0 OOU15C0, and for the liquid 0 o92+O’CClO6f>80 , and for solid csesium, 
0-0322+0-0001370, and for the liquid U 0004 — 0 GCCO340 J Dewar found that 
between the b p of hydrogen and nitrogen — about — 223°, or 50 3 K., 

tit'iwni S.Klium Pirtas-ium Buliidmm. Ca«nim 

Bp ht. . . 0-1024 0 151U 0 121,0 0 0711 0 0513 

At ht. • « 1 35 3 50 6 01 6 U5 6 82 


R Lammel found the at ht of lithium rises to 9 45 at the m p 193° , and that of 
sodium to 8 23 at its m p. The at ht of sodium rises from 6 5 at 0° to 7 5 at 96° 
— the theoretical limiting value at constant volume is nearly 6, which is lower than 
the value calculated from the formula C p —C,=cl~Tv/I3 I Iitaka gives for the 
sp. ht of solid sodium at its m p. 0 330, and of the liquid at the same temp , 0 347, 
and the respective at. hts are 7 59 and 7’98 A Joannis gives for the sp ht of 
solid potassium 0 166, and of the liquid 0 25 W. Nernst obtained the relation 
Co — where C a and C3 respectively denote the mol ht. of liquid and solid 
at the m p , T m the absolute temp, of the m p , and Q, the latent heat of fusion. 
I Iitaka found the relation is not good with the metals bismuth, tm, mercury, 
zinc, lead, and sodium, and also with sulphur for the quotients axe respectively 
4 71, 3 15, 2 40, 2*19, 1 19, 1*61, and 1 08 A Thum gave for lithium, 


—273 s 

- — 200° 

—100° 

— 50* 

0° 

60° 

160° 

180° 

. 0 5303 

0 5800 

0 fisoe 

0 7315 

0 7854 

0 8425 

0 9058 

1 0055 

. 3 7121 

4 1230 

4 7663 

5 1203 

5-4978 

5 8971 

6 7606 

7 0385 

, (0 9086) 

(2 5837) 

(4-1665) 

(4 8756) 

(5 5657) 

(6*3441) 

(8 4539) 

(9 3163) 


Thf 1 numbers in brackets are hv R* Lammel 20 The sp ht of lithium is the largest 
of that of all the elements. R Lammel represents the sp ht. of lithium at 



Temperatures 


6° by the expression 0 7951+0 00206320 + 
0 00000250802+0 00000001420703. The observed 
values are 0 3693 at —200° ; 0 5997 at —100° ; 

0 6964 at -50°, 0 7951 at 0°, 0 9063 at 50°; 

1 0407 at 100° , and 1 3743 at 190°, so that the sp. 
ht curve shows a slight turning-point at about — 60°, 
Fig. 12, possibly corresponding with a change from 
one allotropic form a-lithium to another form 
j8-Ilthium. The sp. ht. of sodium was found by 
E. Griffiths to increase with temp., but its absolute 


Fig. 12 — Specific Heat of Lithium value at any given temp, depends on the previous 
at different Temperatures thermal treatment of the metal. At temp below 


about 60°, the sp ht. is greater when cooled by 
quenching than when annealed The sp ht of liquid sodium vanes with temp such 
that the temp. coefF is —0 00034 per degree ; I Iitaka found very little variation m 
the at ht of solid and liquid at the m p Hence, E Cohen and G de Bruin argue that 
under ordinary conditions two allotropic modifications — a-sodium and jS-sodium 
— are present in proportions dependent upon its previous thermal treatment. The 
transition pomt not yet determined lies between 0° and 90° — possibly it is near 
75° * Lilatometric measurements show that the high temp /3-form has the lower 
density ; and since the rapidly quenched metal melts more quickly than the slowly 
cooled metal, it is inferred that the change from the a- to the /3-form is attended 
by the evolution of heat. Similar observations show there are two allotropic 
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forms of potassium — a-potassium and /2-potassium — with a transition point in the 
neighbourhood of 59 7°. W Holt and W. E Sims 21 found that potassium is ductile 
and soft at 54 5°, but it becomes quite buttle and has a conchoidal fracture at 
60 5°. 

The best representative values of the varied measurements 23 of the coefficients 
oi cubical expansion of the five alkali metals are : 

Lithium Sodium Potassium Rubidium. Caesium 

0 000190 0 000274 0 000283 0 000338 0 U0U338 

The coeff- of expansion of sodium between 0° and 95° is uniform and proportional 
to the temp , and the coeff is greater for the liquid than for the solid According 
to A. Bernini and C Cantom, unit volume of the metal at 0° occupies v volumes 
at 0°, when a=l+a0+jS0 2 . The values of the constants for the liquid and solid 
metals are indicated in Table IV A, Thum’s value for lithium is 0 OUOISOL 

Table IV — Coeff of Thermal Expansion of the Alkali Metals. 



Temp interval 

a 

a 

Lithium — solid . 


0°-178° 

0 0001535 

0 000000092 

liquid 


182°-235° 

0 0001743 

0 000000106 

Sodium — solid . 


0°— 78° 

0 0001016 

0*000000280 

liquid 


100°— 235° 

0 0002599 

0 000000286 

Potassium — solid 


0°-56° 

0 0002112 

0 000000165 

liquid 


78°-235° 

0 0002681 

0*000000210 


Potassium and sodium are good conductors of heat. 23 If the conductivity of 
silver be unity, that of sodium is 0 365. J. W. Hornbeck found the temp. coeff. 
of the thermal conductivity of potassium or sodium falls with nse of temp. The 
alkali metals are also good conductors of electricity , 24 for example, the conductivity 
of sodium for heat and electricity is exceeded only by silver, copper, and gold. 
According to E E. Northrup, the metals sodium, potassium, mercury, tin, lead, 
and bismuth have the same value for the ratio of the coeff of electrical resistance 
to the coeff, of cubical expansion at the same temp. The electrical conductivity 
of lithium is nearly 11 4xl0 4 reciprocal ohms at 20°, that is, about 20 4 per cent 
of the conductivity of hard silver , of sodium at 21*7°, 22*4 XlO 4 reciprocal ohms, 
that is, about 36 5 per cent of the value of silver 


Between 

Iathrnm 

Sodium 

Potassium. 

Rubidium. 

Caesium . 

—178° and —190° 

74 6x10* 

125 x lO* 

51 0 x 10* 

40x10* 

19*1x10* 

—178° and —78 3° 

18 5x10* 

36x10* 

23 3x10* 

15 9x10* 

7 8X10* 

0° 

11 7x10* 

22 3x10* 

14 3 X 10* 

8 6x10* 

5*18x10* 


The value for solid lithium is 7 88 XlO 4 , and for the liquid 2*21 X 10 4 at 230°. Solid 
sodium 18 8xl0 4 at 50° ; 9 8 XlO 4 at 116° ; and 11*42 XlO 4 at 120° for the liqui J. 
Solid potassium 11 6 XlO 4 at 50° ; 6 29 XlO 4 for the liquid at 100°. Solid rubidium 
8*34 XlO 4 at 18° , 6 10 XlO 4 foT the liquid at 40°, and 4*78xl0 4 at 43°. Solid 
caesium 4 74X10 4 at 19*3° , 2 73xl0 4 for the liquid at 30° ; and 2*70xl0 4 at 37°. 
The electrical resistance of solid lithium at a temp. 0° between 0° and 177 8° is 
I?o(l+0 0045680) and for the liquid between 177*8° and 230°, 22(1+0 0027290), 
when R is the electrical resistance in ohms at 0° ; fox sodium from 0° to 97 3°, 
22(1+0 0043860), and from 98 5° to 120°, 22(1+0 0033280), for solid potassium 
from 0° to 61°, 22(1 +0 005810), and for the liquid from 62*5° to 130°, 22(1+0 0041840). 
A, Matthiessen’s value for the ratio of the resistance of liquid : solid is 1*35 for 
sodium, and 1 36 for potassium. J. W Hornbeck found that the temp coeff. of 
the resistance of potassium and sodium are high , and that the ratio of the thermal 
to the electrical conductivity is exceptionally high. B. Gudden and E. Pohl measured 
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the electrical conductivity of phosphorescent sodium under a field strength of 
16 OGO volts per cm. With lithium for press., p, in kgrms per sq, cm , the elec- 
trical resistance is as follows — the liquid state is indicated by an asterisk . 


p 


0 

1000 

3000 

5000 

7000 

9000 

12000 

|0° . 


. 1 000 

1 0069 

1 0212 

1 03G0 

1 0514 

1 0675 

1 0027 

50° . 


. 1*2122 

1-2206 

1 2379 

1*2558 

1 2743 

1*2940 

1 3246 

|ioo° . 


. 1*4580 

1 4G81 

1 4SS9 

1*5105 

1 5329 

1 5564 

1 6032 

|0° * 


. 1 0000 

0 937 G 

0 S34S 

0*7550 

0 G922 

0 6422 

0 6854 

hoo 3 . 


. 2 2381* 

1 4257 

1 2451 

1 1123 

1 0118 

0 9320 

0-8425 

1200° . 


. 3 0725* 

2 SOS* 

2 397* 

2 092* 

1 857* 

1 070* 

1464 

(0° . 


. 1 128 

0 941 

0C92 

0 554 

0 458 

0 387 

0 310 

{95° . 


2 387* 

1 911* 

0 880 

0 693 

0 564 

0 463 

0 350 

1 165° . 


. 3 040* 

2 56S* 

1 853* 

1 374* 

1*050* 

0 829* 

0 389 


The press, coeff. of potassium and sodium increase with rising temp, and decrease 
with rising press ; while the temp, coeff. of the resistance decrease with increasing 
press , and more so with potassium than with sodium ; with lithium, the press. 
coefE increases with rising press , and falls with me of temp., while the temp, coeff. 
falls with increasing press P. W. Bridgman found the sp resistance of liquid 
lithium to he 1 68 times that of the solid at the m p. (178 4°) at atm. press A. Bernini 
found 2 51 at the mp (177 84°) , for sodium, A, Bernini found 1 337, E. E. Northrup, 
1*44, and P. W Bridgman, 1 451 ; and for potassium, A Bernini found 1 392, 
E. F. Northrup, 1*53, and P. W. Bridgman, 1 56 In comparing these ratios, 
A. Matthiesen showed that errors are likely to occur in the results for the solid 
state because of the strains and of cavities formed during freezing. The thermo- 
electric force 25 of sodium towards platinum at 100° is —0 21 millivolt , and —0 94 
millivolt for potassium. The magnetic susceptibility 26 of potassium between 
18° and 180° is +0 40xl0~* per unit mass, for sodium, +0*51 XlG --6 , and for 
lithium, +0 38 X 10"+ 

The electro-affinity of lithium is smaller than that of any of the other alkali metals, 
and it exhibits a greater tendency than the other alkali metals to form complex 
salts — e g, the solubility of ammonia m water is raised by the addition of a hthium 
salt, which presumably unites with the ammonia ; the solubility curves of the 
hthium salts in water usually show more breaks than the corresponding salts of the 
other alkali metals owing to the formation of hydrates Potassium, rubidium, and 
caesium seem to have a smaller and smaller tendency to form complex salts as 
the at, wt of the element increases , otherwise expressed, the electro-affinity, or 
the ionization tendency of the alkali metals increases as the at wt. increases. 
This is illustrated by the heats of ionization According to W Osfcwald, 27 the 
heat of ionization per gram-atom is 

lithium. Sodium. Potassium Rubidium 

-f 62*9 +57 4 +62 0 +62 0 

Meaning that with sodium * Na=Na +57*4 Cals., etc. The alkali salts are ionized 
m aq so In., and behave generally like strong electrolytes. The ionization factor 
with soln. containing 2 per cent of lithium chloride varies from 1*70 to 2*0 when 
determined by the lowering of the vap press, or f.p. ; the raising of the b.p. , 
or by the mol conductivity. Similar remarks apply to the salts of the alkali 
metals. K Fajans 26 calculates the heat of hydration of ions to be H , 362 ; 
IA' f 210 ; Na _ , 203 ; K\ 182 ; Rb% 173 ; Cs , 174 kgrm cal per gram-ion. 
R. Lorenz and P. Walden found the diameters of the ions of lithium, sodium, 
and potassium m aq soln to be respectively 4 52 x 10"" 8 , 3 48 x 10 -8 and 2*34 X 10 -8 
cm., and in methyl alcohol soln , 9*40 xKT 8 , 7 04xlQ“ 8 , and 4-98 XlO -8 cm. The 
diameters of the atoms are respectively 2*01 x 1Q~ 8 , 2*52 x 1Q~ 8 , and 3*L4 X 10 ** cm. 

According to W. Ostwald and GL Bredig, the transport number of complex 
ions usually decreases with an increase in the number and mass of atoms for min g 
the complex, but with the alkali metals, the transport numbers of the ions at 18° 
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increase with, an increase m the at wt of the ions For instance at 18°, the transport 
numbers of the ions of the alkali metals and the absolute velocity of the ions, with 
a difference of potential of one volt per centimetre, expressed in centimetres per 
second, are indicated m the following table along with the temp coeff. of the 
transport numbers at 18° : 

Lithium Sodium Potassium Rubid.ura CasBlum. 

Transport number . 33 4 43 6 04 7 G7 6 6S*2 

Temp coeff . . 0 0265 0 0244 0 0217 0 0214 0*0212 

Absolute velocity . . 0 000346 0 000452 0 000680 0 000700 0 000707 

According to F Kohlrausch, 29 these anomalous results are not due to the friction 
between the elementary ions and the water mols , but rather to the friction 
between the water mols. and complexes — hydrated ions The absolute velocity of 
transport of the ions is calculated by dividing the transport numbers by 96540, the 
electric charge carried by the transported ions Lithium salts are also strongly 
ionized m many non-aqueous solns — -e g methyl or ethyl alcohol P Lenard and 
co-workers calculate the number, n, of molecules of water combined with the ions 
m aq soln . and, r, the radius of the ions : 



u 

Xa 

K* 

Rb* 

Ca* 

n . 

. 19 

12 

7 

6 

6 

rXlO 8 

. 50 

42 

3*1 

2*9 

2*8 cm. 

Q 

. 110 

103 

82 

78 

74 Cals 


R Lorenz, P Walden, and K Fajans and K F. Herzfeld have also made estimates 
of the diameters of these ions m aq and non-aq solvents M Born’s estimated 
values Q for the heats of hydration of the ions are indicated above. 

The electrolytic potential of hthium is — 2 7 , of sodium, — 2 8 ; and of potassium, 
—3 2 volts, meaning m a normal soln of, say, a sodium salt, the potential towards 
sodium is 2 8 volts less than the potential of a platinum electrode sat with hydrogen 
at atm press , immersed in a normal acid soln , or the electromotive force of the 
cell Na } N — Na* | N — H' | H 2 Pt is 2 8 volts with sodium as cathode. These 
cells are not always realizable. The electrode potential of the alkali metal in normal 
soln against a normal calomel electrode is 3 3044 volts for hthium, 2*9981 volts 
for sodium, and 3 2084 volts fox potassium 30 G. N. Lewis and co-workers found 
for the potential of the alkali metals against a normal calomel electrode, Li, 3 305 
volts ; Na, 2 993 volts ; K, 3 203 volts ; and Rb, 3 305 volts. According to 
M. N. Saha, the ionizing potential of sodium vapour is 5 12 volts or 1T7X 10 6 cals. ; 
potassium vapour, 4’318 volts or 1 00x10® cals. ; rubidium vapour, 4 16 volts or 
0 96X10 5 cals ; and csesium vapour, 3 88 volts or 0 90 x10 s cals 

A Campetti 31 concludes from his experiments that in darkened un saturated 
sodium vapour, freed from the electrons emitted from the surface of the fused 
metal, ionization takes place spontaneously and that the absorption of the D-hne 
is strictly related to the conductivity of the vapour. Further, when absorption is 
observed in sodium vapour below' 400°, it is probably the result of electrons from 
the surface of the fused metal, or from a photoelectric action on the atoms of 
sodium vapour. The emitting or absorbing vibrations in sodium vapour with 
respect to the D-lrne are those of positive-ion-atoms 

R Pohl and P Pringsheim 32 located a selective maximum photoelectric effect 
with four alkali metals for wave-lengths A in /z/x 

Lithium. Sodium Potassium. Rubidium. 

X , . . 280 340 440 475 

K. T. Compton and 0. W Richardson, with isotropic radiation, found a maximum 
for sodium at 225 ju/x and 360/zft; and a maximum at 250//./U, for caesium. 
R A. Millikan and W. H Souder found that with new surfaces of lithium, sodium, 
and potassium there are definite maxima for the selective absorption about 250/x/x 
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for hthiuni ; >/x/x for sodium; and 390/x/i. for potassium. H Kuster and 

K Frrdenhagen and G Wiedmann and W. Hallwachs believe that pure metal 
surfaces are not photo-active J Braun, and E. F. Seiler studied the photoelectric 
eiiVt t with sodium, potassium, rubidium, and caesium with light of different wave- 
length 

S. H Anderson and J. A. Gilbreath inferred that the vapour of potassium at 
55° is ionized by exposure to ultra-violet light and by ordinary light because ( 1 ) if 
the beam of light is directed first on one electrode, then on the other, and then midway 
between the electrodes, the photoelectric currents are nearly the same , ( 11 ) the 
photoelectric currents decrease when the temp, of the mam part of the bulb is 
raised so as to drive the vapour mto the cooler part of the tube ; (m) the photo- 
electric currents decrease when the Yap. press is decreased by lowering the temp, 
of the bulb ; and (iv) the ionization currents have approximately the same magni- 
tude when a positive or negative e.m f is apphed These results are not such as 
would be anticipated if the phenomenon were wholly due to the photoelectric 
effect of the thin imperceptible layer of potassium condensed on the electrodes. 
The ionization is increased if a little foreign gas be associated with the vapour of 
the metal. 

T. SvedbeTg 33 prepared colloidal solns of the alkali metals in ethyl ether, and 
he gives Table V showing the colours of coarse and fine ethylethersols, as well as 

Table V. — Colours op the Ethersols of the A etc alt Metals. 


MetaL 

Colour of ethylethersols. 

Colour ot vapour 

Small particles 

Large particles. 

Lithium 

Brown 

Brown 

_ 

Sodium 

Purple-violet 

Blue 

Purple 

PotOAdrum 

Blue 

Bluish-green 

Bluish -green 

Rubidium 

Greenish- blue 

Greenish 

Greemah-blue 

Caesium 

Blui ah -green 

Greenish-blue 

— 


the colours of the vapours. The stability of the organosol diminishes m passing 
from sodium to csssiuiu The maximum absorption of colloidal sodium, as in 
the case of gold, changes from yellowish-green to red during coagulation 

The refractive index of molten sodium for light of wave-length 589/j/l is 0 0045. 
J. Kanonnikoff 34 has calculated the refractive indices R c foT the C-lme, and for 
infinity, the theoretical limit of the spectrum, R O0) according to Gladstone and Dale’s 
formula : 




Lithium. 

Sodium. 

Potassium. 

Rubidium. 

Caesium. 

» 

* 

. 3*16 

4 22 

7*76 

12 04 

19 66 

* 

• 

. 3'00 

4*00 

7*40 

11 60 

18*70 


Light is partially polarized by reflection from the polished surface of a metal, 
and plane-polanzed light in general becomes elliptically polarized by reflection 
from such a surface. This was found to be due to the relative change m phase of 
the two components, which was measured in 1847 by J Jazmn, who thereby calcu- 
lated the index of refraction of the metal The so-called optical constants 36 of a 
metal include the refractive index and the index of absorption 7c . The amplitude 
of a wave of light, after travelling one wave-length A, measured in the metal, 
is reduced in the ratio 1 : e~^ vh , and, for any distance Z, in the ratio 1 : e” 2 **/*. 
P. Drude found that fox liquid sodium, when A=0 589ju, the index of refraction ia 
0*04 ; the index of absorption 2*61 ; and the reflecting power, 99 per cent. 
R W. and R.C. Duncan found that for light of wave-length 665 0, 546*0, and 435*0 /a/i, 
the respective indices of refraction are 0 051, 0 052, and 0 058, and indices or 
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absorption respectively 55 0, 42 6, and 31 7 per cent Similarly for potassium, for 
light of wave-length 665 0, 580 3, and 472 0 [Afi, the respective indices of refraction are 
0 066, 0 0G8 and 0 070, and the mdn es of absorption respectively 26*8, 22 1, 14*3 
per cent There is a minimum m the index of refraction curve of sodium very near 
the ZMme J B. Nathanson found for rubidium, respectively for light of wave- 
length 640 9/x/x, 539 6/x/x, and 454 6^/z, the indices of refraction 0 093, 0 093, and 
0 091 k, 10 51, 7*97, and 5 28; and foT the reflecting power, 84, 81*7, and 78*9 
per cent for metal to glass boundary , the reflecting powers were rather lower than 
foT the metal to air boundary excepting m the case of light on small wave-lengths. 
Metallic sodium, theiefore, has the lowest index of refraction and the highest reflecting 
power of any known metal M K Frehafer measured the reflection and transmission 
of ultra-violet light by potassium and sodium 

The spectra of the alkali metals axe illustrated by Fig 13, A lithium salt in 
the non-luminous gas-flame furnishes two sharply defined spectral lines, a weak 
yellow line, Lip, of wave-length 6101, and a bright red line, Li a , of wave-length 6708. 
The presence of nearly a millionth of a milligram of lithium can be detected m this 



Fig 13 — Spectra of Alkali Metals (with Fraunhofer’s lanes of Solar Spectrum as Standards 

of Reference) 


way In the arc spectrum where the temp is higher, a blue line appears There 
are also eighteen other feebler lines ; 36 about thirteen lines have also been noted 
in the ultra-violet spectrum. Lithium carbonate m a Crookes' tube gives a 
feeble phosphorescent spectrum with red, orange, and blue lines. According to 
C, D. Child, sodium vapour gives a continuous spectrum when the electric discharge 
is passed through the hot vapour not far from its point of condensation, and with a 
small current density ; if the latter be increased, the line spectrum becomes more 
pronounced and the continuous spectrum less pronounced If a condenser is in 
circuit only the line spectrum is alone produced P D. Foote and W. F Meggers 
deduce a possible structure for the caesium atom from the spectrum of the element 
and the ionization potential. 

T. Melville noted in 1752 that sodium colours the flame of alcohol yellow, and 
A. S. Marggraf used this as a test to distinguish sodium from potassium salts. 
With an ordinary one-prism spectroscope, the spectrum appears with a Bingle 
yellow line corresponding with the D-line of the solar spectrum This lme really 
consists of two lines of wave-length 5896 and 5890. The emission spectrum of sodium 
shows many other lines of feeble intensity In a salted Bunsen's flame, practically 
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no other sDdium lines appear With electrical stimulation, in the vaouum tube 
other bright sodium lines appear, some m the visible, some in the ultra-violet 

When a sat >oln of sodium chloride isspra\ed into Bunsen’s flame, by means 
of a suitable apparatus 37 — c g. the sprayer of A Gouy, E Beckmann and H Linder, 
C de Watte vi lie, etc — the flame shows two spectra — the brilliant yellow lmes, 
and a continuous spectrum with a maximum in the blue, as observed by G Kirchhoff 
and R Bunsen, A. Gouy, etc Under ordinary conditions, the yellow lmes mask 
the blue luminescence m the salted Bunsen’s flame There is also a blue or bluish- 
green luminescence in the flame salted with lithium or potassium chloride, as shown 
by P. Lenaid, but it is usually masked by the more familiar line spectrum. ' The 
two spectra seem to be independent. E. Mitschexlich showed that if sufficient 
ammonium chloride he mixed with sodium chloride, the yellow line spectrum 
virtually disappears , and that the yellow line spectrum is not produced by sodium 
chloride in the hydrogen flame burning m chlorine , A. Smithells confirmed this 
observation, and showed that if oxygen be entirely absent, the yellow colour would 
probably disappear altogether C Fredenhagen found that the faint continuous 
spectrum of the hydrogen-chlorine flame appears to be intensified when sodium 
chloride is introduced therein W. D. Bancroft and H. B Weiser made analogous 
observations with respect to potassium, and lithium chlorides, and they add that 
similar remarks apply to the chlorides of the alkaline earths. 

W D. Bancroft and H. B. Weiser point out that the blue luminescence of sodium 
is obtained without the yellow luminescence : (i) when sodium salts are introduced 
mto a flame of hydrogen in chlorine ; (li) when metallic sodium bums slowly in 
oxygen, chlorine, or bromine , (rii) when a sodium salt is fused , (iv) when cathode 
rays act on sodium chloride , (v) when anode rays first act on sodium chloride , 
(vi) when one heats the coloured residue obtained by the action of anode rays ox 
cathode rays on sodium chloride ; and (vn) when sodium chloride is precipitated 
rapidly from aq. soln with hydrochloric acid or alcohol. The yellow luminescence 
of sodium is obtained, accompanied by the fainter blue luminescence : (i) when a 
sodium salt is introduced mto the Bunsen flame ; (u) when sodium burns rapidly 
in oxygen, chlorine, or bromine , and (iu) when canal rays act on sodium chloride. 
It is claimed that the yellow luminescence is obtained when sodium vapour is 
heated ; but it is very difficult to be certain that no burning takes place undeT 
these conditions. 

0. Fredenhagen attributed the yellow luminescence produced by sodium salts 
in Bunsen’s flame to the presence of sodium oxide, and he attributed the absence 
of the yellow luminescence in the hydrogen-chlorine flame to the absence of sodium 
oxide. W. D. Bancroft and H. B Weiser have shown that this hypothesis is 
probably untenable E. Wiedemann and G. C Schmidt attributed the blue 
luminescence produced by cathode rays to decomposition or recombination : 
NaCl^Na+Cl ; J. A Wilkinson showed that the blue luminescence is due to recom- 
bination and not dissociation; and this is confirmed by W. D. Bancroft and 
BL B Weiser. S Arrhenius’ experiments on the electrolytic condition of the 
heated vapours of salts led him to assume that when salt is fed into a flame, sodium 
hydroxide is formed by the action of the steam, and that the hydroxide undergoes 
ionic dissociation with the production of sodium ions. A Schuster, P Lenard, 
J Stark, and others have also laid stress upon the part played by ions in flame 
reactions. W. D. Bancroft and H. B. Weiser add : (i) The yellow luminescence is 
due to some stage in the process of dissociation , (u) the diminished intensity of 
the line spectrum in the hydrogen-chlorine flame, or m the Bunsen’s flame fed with 
a little hydrogen chloride, is due to the forcing back of the dissociation of the alkali 
salt by the hydrogen chloride ; (ui) the absence of the yellow luminescence when 
sodium burns slowly is due to the small intensity of the light when the reaction is 
slow ; and (iv) since the reacting substance is the electrically neutral vapour of 
the metal in the case of the line spectrum, there is no migration under electrical 
stress. Since the reacting substance is the positively charged ion of the metal in 
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the case of the continuous spectrum, there is a migration to the cathode under 
electrical stress, as found by P Lenard 

The spectrum of sodium vapour has been investigated by H, E. Roscoe and 
A Si buster 88 Potassium salts colour the non-luminous gas-flame violet or bluish- 
violet, and the spectrum contains two characteristic lines : a double lme K tt in 
the extreme red approaching the nltra-red and very near the A-lme of the solar 
spectrum — these lines have a wave-length 7697 and 7663 respectively ; the other 
lme K /9 is near the opposite end of the spectrum in the violet, and it has a wave- 
length 4044. The emission spectrum of potassium, shows many other lines of 
feebler intensity, thus, H. E Roscoe and A. Schuster found that the absorption 
spectra of potassium and sodium show hues m the green, but referred them to the 
metallic lmes of these bodies G. D Livemg and J. Dewar showed that the wave- 
lengths of these lines are 5510 with sodium, and 5730 with potassium, and that 
they do not coincide with any known metallic lines. W 1ST. Hartley has compared 
the spark and the oxy-hydrogen flame spectrum of the alkali metals 

J. N. Lockyer heated a piece of sodium at one end of a vacuum tube, and on 
sparking he found the vapour arranged itself in layers of different colours. The 
layer nearest the metal was green, and showed green and red sodium lines without 
the yellow lmes, while the layer above was yellow and showed only the yellow lines. 

J N. Lockyer likewise obtained the yellowish-green lines of potassium without the 
red He also inquired whether the spectra of an element as it separates out of 
different combinations containing a different number of atoms of the element in 
question are identical or not. P. Zeemann found that the spectral lines of sodium 
are broadened when light from an electric arc is sent through a heated tube con- 
taining sodium vapour when placed between the poles of an electro-magnet ; and 
A. A hliclielson showed that “ all spectral lines are tripled when the radiations 
emanate in a magnetic field ” W N Hartley has investigated the ultra-violet 
spectrum ; H Beoquerel the ultra-red spectrum ; E Wiedemann and 
G C. Schmidt the fluorescent spectrum ; TJ. Toshida studied the effect of an intense 
electric field on the spectral lines of lithium ; S. Datta, the vacuum arc spectra of 
sodium and potassium. 

Rubidium salts impart to the non-luminous gas-flame rather a redder tint 
than the potassium salts The emission spectrum of rubidium shows two character- 
istic lmes m the violet Rb fl of wave-length 4202, and the Rb^ of wave-length 4216 ; 
there are two others even nearer the extreme red than the red potassmm lines 
named Rb y of wave-length 7799 , and Rbs of wave-length 7950. There are many 
other feebler rubidium lines. The common spectrum of caesium has two character- 
istic blue lines Cs a of wave-length 4555, and Cs^ of wave-length 4593 ; there are 
lines in the red of wave-lengths 6974 and 6722, as well as many other lines. The 
limits for the recognition of the alkali metals by the visible flame and the visible 
spark spectra, 80 are, in milligrams : 

Lithium. Sodium. Potassium. Rubidium. 

Flame spectrum . • eoo.ooo ii 000,000 a$ 5 o i",ooo 

Spark spectrum . - 40,000,000 ioo £355 

E. Mitsoherlich 40 and E. Pringsheim showed that no sodium lmes are obtained 
when sodium chloride or hydroxide is heated in a porcelain tube , but that sodium 
lines are obtained if a reducing agent be present Hence it was inferred that free 
Bodium is essential for the production of the Z)-spectral line E. Pringsheim then 
found that m the cold carbon disulphide flame no D-hnes axe emitted, but they 
are when the temp, is raised, and he concluded that sodium salts give a yellow light in 
flames at a lower temp, than when heated m an indifferent atm ; so that the 
sodium is set free by reduction and not by thermal dissociation. E Pringsheim 
heated sodium in a porcelain tube and found the vapour emitted the D-lines, but 
he assumed that this was due to chemical action either with traces of oxygen in 
vol. n. 2 h 


Caesium. 


1 



1 

4.000 
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the tuh»* or with the tube itst -If F. Pa sell en agrees that the glowing of sodium 
vapour i- not a mw temp, emission The subject has been further investigated 
by W Hittorf and W Siemens, A Srmthells, J Evershed, etc The general 
conclusion is that heated sodium vapour, like iodine vapour, is probably lumi- 
nescent. The observed effects are not explained by insisting onthermolummescence 
or on chemiluminescence, when sometimes the one and sometimes the other 
is produced Although sodium vapour may exhibit thermoluminescence, more or 
less of any given effect may be due to chemiluminescence If a substance remains 
entirely transparent at the highest temp , it will never luminesce or glow It is 
generally a-sumed that the centres of vibration which emit spectral lines are nega- 
tively charged corpuscles — electrons ; and Zeemann’B effect shows that the L-lmes 
of sodium are produced by vibrators carrying negative charges. If sodium vapour 
when heated, breaks up into smaller aggregates or loses electrons, then, as W. D . Ban- 
croft has emphasized, we have chemical reactions m the broader sense of the word, 
and these may or may not give rise to light, since it is probable that all reactions 
emit light when the reaction velocity is sufficiently high 

R. W. Wood has drawn attention to a deep violet light produced by suspended 
particles during the condensation of sodium vapour : the colour of the light trans- 
mitted through, the sodium vapour is deep yellow instead of blue, as usually obtained 


It was difficult to understand this at first, since the vapour is perfectly transparent 

to blue light, and somewhat less so to 

f F - { 1 • - t " T ~ I I i M T= yellow-green light The effect was finally 

-I rr . * l i - l :HrT traced to a scattering of the violet ani 

v J — "J f ) Tj rr > I UDE blue rays by the fog of condensing vapour 

H [rr~~T — I hit- ’ : In the search for laws analogous with 

_ : t • " " ~ 1 • > ) lii ' fir B aimer’s law of the vibiation frequencies 

K ■ - ’i ^ FTj ^ ^ " ■ of the spectral lrnes of hy drogen, H Kayser 

f - i TlfT I — __ — j — rnj _ 1 and C. Runge 41 found that the essential 

Rb\ — y ,» property of such spectra is not a simple 

. i i { l _.L^ . ~ numerical relation between the vibration 

T 1. i T il l, ? : Z__ . frequencies, but rather is the apparently 

I I I i L n w r L ‘ — chaotic spectrum of an element resolvable 

Fin 14 — Spectral Lines oi the Alkali mt ? a number of superimposed regular 

Metals dibsected into Principal and series of hnes. The spectrum of lithium, 

Associated Senes. for example, is compounded of the four 

series of lines shown in Fig 14. The lines in 
each of these series can be represented by a formula of the type X^=a+hn^+cnS 
where a, b, and c are constants, and n is an integer , Balmer’s formula for hydrogen 
is a special case of this expression. One senes is regarded as the principal senes , 
or Hauptsene, and the others are the first, second, and third associated series or 
Nebensene. Similar remarks apply to the component series m the spectra of each 
of the remaining four alkali metals All five spectra are such that every line m 
each spectrum corresponds to a line m each of the other four spectra Although 
there is a little doubt about the lithium lines, generally, by increasing the dispersion 
the hues can all be resolved into double Imes The dark-red double line m the 
rubidium spertrum has a corresponding double lme in the ultra-red cjnsrum spectrum 
although G. Kirchhoff and R. Bunsen regarded the blue line as the principal lme 
of the caesium spectrum, the energy of the invisible lme in the ultra-red exceeds that 
of all other cesium lines. Similarly, the double yellow sodium lme has an accom- 
panying bne m the ultra-violet, and R. W. Wood has photographed forty -eight 
lines of the senes There is a_ constant difference in the vibration frequency of the 
paired Imes of the different senes of many spectra such that the apparent deviations 
from comtancy lie well within the limits of the errors of observations With the 
alkali matah, the difference m vibration frequency between the hnes of a pair is 
proporrional to thejquare of the at. wt. The laws of formation of spectral lines 
of a group of related elements are dependent upon the at. wt. Thus, in Fig. 14 
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as the at. wt increases the limits of corresponding series move towards the left or 
red-end of the spectrum, that is, m the direction of slower vibration This rule 
may not be applicable to analogous individual lines— e,q the red lithium and the 
yellow sodium line — because the senes contract and therefore shift some lines to 
the right as the at wt. increases. In general, in a family group of elements there 
is a shifting of similar lines towards the less refrangible (red) end of the spectrum 
as the atomic weights of the elements increase. Thus, the violet pair of lines 
of potassium is represented by the pair of indigo lines of rubidium, and the two blue 
lines of caesium 

In the early days of spectrum analysis, G G Stokes and G Kirchhoft recognized 
that the absorption of light by a sodium dame, or by sodium vapour, is conditioned 
by the resonance of the vibrating sodium mol with that period of the exciting 
light which was removed ; and E. Wiedemann later showed that this absorption 
is accompanied to some extent by lateral re-emission R. W. Wood 42 has shown 
that when sodium vapour is illuminated by a cone of arc- or sun-light, a spot of 
green fluorescent light appears. The fluorescent spectrum, studied by R W. Wood 
and J H. Moore, is made up of an enormous number of fine lines arranged in groups 
and bands mainly yellow and yellowish-green. If the vapour he exposed to deep 
violet light, the speetrum suffers no change, but as the wave-length of the light 
increases, a yellow fluorescence appears and light is emitted of the same wave- 
length as that absorbed by the vapour. As the wave-length of the incident light 
is still further increased, the fluorescent light moves along the spectrum in the 
opposite direction, although m all cases there is an emission of light of the same 
wave-length as the incident exciting light Stokes’ law is thus violated, particularly 
when the exoitmg light is near the middle of the fluorescent spectrum R. W. Wood 
also showed that if a bulb containing pure sodium vapour be illuminated by light 
from a sodium flame, the vapour emits a yellow light without change of wave-length. 
The emitted light is called the resonance radiation , and the corresponding spectrum, 
the resonance spectrum. Attempts have been made by R W Wood and co-workers 
to find if both the ZMines appear when sodium vapour is illuminated by a single 
D- line. The results show that the radiation centres m sodium vapour are not 
entirely independent. If the vessel is perfectly free from hydrogen, and the density 
of the vapour is low enough, R. W. Wood and L Dunoyer found that if one of the 
ZMines is used to stimulate the vapour, then that line is alone emitted , but the 
presence of hydrogen causes both ZMines to appear when resonance is excited 
by one of the D- lines ; and R. W. Wood and E. L Mohlei add that the transfer 
of energy from the Z) 2 to the D 1 emission centres, or vice versa, is in some way the 
result of mol collisions, either of sodium with hydrogen or sodium with sodium 
L. Dunoyer found that polarization can be detected in the D-resonance, but 
R J. Strutt did not find polarization in the ultra-violet resonance radiation With 
dense sodium vapour, R, W. Wood found the ZMines are excited when the stimula- 
tion occurs in the bluish-green region, and a channelled absorption spectrum is 
formed , each hue of the principal senes is also accompanied by a similar channelled 
spectrum. 

According to G A. Hexnsalech, 48 if an alkali chloride, carbonate, or oxide be heated 
between layers of carborundum, positively electrified particles are emitted — the 
critical temp at which the phenomenon occurs vanes inversely as the at. wt of the 
metal, being 2700° for lithium, and 1900° for csosium. Of all the elements in the 
alkali group potassium exhibits the strongest radioactivity. It has not been possible 
to trace the radioactivity of the potassium, salts to the presence of minute quantities 
of any of the known radioactive elements or their active products. N. R Campbell 
and R W. Wood could not detect in the compounds of sodium any radioactivity 
that was definitely greater than that common to all matter, and certainly no activity 
Y^gth as great as that of potassium If, therefore, sodium belongs to a radio- 
active senes of elements it must be itself undergoing an immeasurably slow dis- 
integration, or it must be a relatively inactive product of radioactive parent. 
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JF. C. Brown pointed out that if the former is true, sodium left at rest a long period 
of tun* should diminish in amount, and if the latter w true, sodium should in time 
form one or more elements in appreciable quantities Isolated samples of caesium 
salts have been found to exhibit very feeble radioactivity, but caesium is not yet 
considered to be radioactive , if the radioactivity should be detectable, the product 
of its degradation should be an isotope of barium 0 Hahn and M Rothenbach 44 
found the jS-activity of rubidium salts of various ages shows no variations such as 
would be anticipated if the jS-rays arose from a relatively short-lived isotope of 
rubidium, and it cannot be el imin ated or affected by chemical purification. The 
/?-activity of rubidium thus has every characteristic of an atomic property of that 
element. The jS-rays of rubidium are homogeneous as regards velocity and pene- 
trating power ; they are rather more penetrating than the /J-rays from uranium ; 
and their velocity is 58 to 60 per cent of that of light. The jS-activity of rubidium 
is J~th of that due to uranium X for the same weight of uranium , for thorium, 
the ratio is probably -^th Applying the law of radioactive change, the product 
from rubidium should be an isotope of strontium ; and from potassium an isotope 
of calcium The period of half change of rubidium, calculated from the ratio of its 
j3-activity to that of uranium is about 10 11 years, and fox potassium probably 
three times as great. If the age of the oldest felspars is taken as 10 9 years, only 
0T7 per cent of the potassium should have changed into calcium The period of 

S otassmm, however, may be as great as seven tunes that of rubidium, and it is 
oubtful if the expected difference of at. wt. would be detectable E Rutherford 
and J. Chadwick obtained evidence of the emission of long-range particles — probably 
hydrogen — detected by scintillations on a zinc sulphide screen when a-par tides pass 
through sodium, but not through potassium. H R von Traubenberg found the 
range of the a-particles in lithium to be 129T X 10~ 4 cm C. W. Hewlett studied 
the absorption and scattering of homogeneous X-rays hy lithium. 

Chemical properties. — The alkali metals are the most electropositive of the 
elements, and the electropositive character of the alkali metals is greater, the 
greater the at wt., so that caesium is the most electropositive of all the elements. 
The alkali metals all tarnish on exposure to air, caesium fastest of all, and lithium 
slowest. The oxidation of potassium may proceed so quickly that the heat generated 
melts aud ignites the metal which bums with its characteristic violet flame , this 
is particularly the case wheu a gentle press, x a applied at ordinary temp , the metal 
then liquefies where the press, is applied, and takes fire — possibly due to the rapid 
oxidation of the metal at a freshly exposed surface. Analogous remarks apply to 
rubidium and caesium, but in a more intense degree, since caesium normally melts 
and then takes fire on exposure to the atm Sodium and lithium do not fire spon- 
taneously in air, and these elements can be heated to their m.p. in air without 
inflammation. If lithium be heated above 180° it bums brilliantly m air, forming 
lithium oxide, and more or less of a higher oxide ; 46 the products of combustion 
of each of the other alkali metals in air is a mixture of different oxides According 
to P. A. von Bonsdorff, if air, or oxygen is quite dry, it does not act on the dried 
metal. Indeed, W. Holt and W. E. Siins distilled sodium and potassium in oxygen 
which had been thoroughly dried by phosphorus pent-oxide * they also found that 
the flame of the freely burning metal is extinguished by immersion m thoroughly 
dried oxygen : 

A cylinder into which phosphorus pentoxide has been introduced is inverted over 
mercury, and left for some days until the moisture has been removed Freely burning 
potassium was instantly extinguished in the dry gas, but by raising the deflagrating spoon 
out of the cylinder the metal re-ignited. The operation can be repeated three or four times 
before the moist air diffuses into the cylinder sufficiently to support the combustion of the 
potassium. 

If the surface of rubidium or caesium is quite clean, these two metals inflame spon- 
taneously in thoroughly dried oxygen. G. Reboul found that the presence of 
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moisture is essential for the luminescence which accompanies the oxidation of 
potassium and sodium 

The alkali metals rapidly decompose water at ordinary temp., forming hydrogen 
and the alkali hydroxide . 2 R+ 2 H 2 0 ~> 2 R 0 H-rH 2 . The heat of the reaction 
R+HoO+aq=ROH aq +H is between 49 OS and 33 2 Cals for lithium , 42 4 and 
43 0 Cals for sodium ; 41 9 and 48 1 Cals, for potassium , 47 25 and 48 2 for rubi- 
dium , and 48 45 and 51 56 Cals for caesium 46 In the case of potassium, rubidium, 
and caesium, the heat of the reaction is great enough to ignite the liberated hydrogen, 
and the flame is tinged by the vapour of the metal. During the reaction, a molten 
globule of the metal, say, potassium, travels hither and thither on the surface of 
the water, but is separated from actual contact with the water by a film of steam. 
The globule becomes smaller and smaller, leaving at last a small bead of fused 
potash, which bursts explosively when the temp, falls low enough to allow it to 
come mto contact with the water. With sodium, a molten globule also moves 
about actively on the surface of the water, with potassium the liberated hydrogen 
ignites spontaneously, with sodium not so, unless the water is warmed over 40°, 
or the action is localized so that the sodium does not travel about For instance, 
the metal ignites if placed on water made viscid by starch paste, or placed on wet 
filter paper. There is often a much more violent explosion with sodium than with 
potassium The cause of the explosion has not been clearly established, although 
many guesses have been made 47 — eg the explosion has been attributed to the 
formation of a hydride, a carbide, ox a peroxide , to the inclusion of hydrocarbon 
oils in the porous metal , etc. Caesium metal begins to give off hydrogen when in 
contact with ice at —116° , rubidium at —108° * potassium at —105° ; and 
sodium at — 98°. Sodium reacts briskly with alcohol, C 2 H 5 OH, forming sodium 
ethylate, C 2 H 5 ONa ; according to R. Pictet, the reaction does not take place at 
temp below —48° 

The affinity of the alkali metals for hydrogen and the metals is feeble, and foi 
the metalloids, the affinity decreases as the valency of the second element increases. 
The a ffinit y for the univalent and bivalent elements is usually large The behaviour 
of potassium is typical of that of the other membeis of the family. Lithium salts 
of all the halides of the alkali metals have the greatest tendency to form hydrated 
compounds, and the stability of these hydrates is greater, the greater the at wt, 
of the combined haloid Similar remarks apply to the salts of the alkaline earths. 
Hydrogen when heated with the alkali metals forms hydride 5 ?. L. Kahlenberg 
and H. Schlundt 48 studied the occlusion of hydrogen by sodium, and M. Guichard, 
by potassium. The alkali metals react vigorously with mercury, forming amalgams. 

Potassium ignites spontaneously in fluorine and chlorine gases, forming the 
corresponding halide ; but J. A. Wanklyn showed that if the chlorine is dry, the action 
with sodium is but slight At — 80°, liquid chlorine does not attack the metal. The 
reaction between potassium, and bromine or iodine is vigorous, with incandescence. 
With sodium, the reactions are much less vigorous, fluorine alone attacks the metal 
at ordinary temp . 49 Bromine attacks the metal but slightly at 200°, and iodine 
can be fused with sodium in a sealed tube without combination. Sodium is scarcely 
attacked by hydrogen fluoride at ordinary temp. ; with dry hydrogen chloride, the 
attack is slight even at the fusion point of the metal — according to J. B. Cohen , 60 
a violet or black subchlonde is formed In liquid hydrogen chloride, sodium swells 
up without giving off gas. With aq soln of these acids, the reaction proceeds with 
explosive violence. Sodium reduces chlorine peroxide, C10 2 . 

Sulphur and selenium unite when wanned with the metal , 51 when sulphur is 
triturated with sodium, the reaction proceeds with explosive violence which can 
be moderated by dilution with common salt. Under boiling toluene, sulphur forms 
the trisulphide Selenium forms the monoselenide, ]$a 2 Se, when heated 

with sodium Sodium is attacked by hydrogen sulphide at ordinary temp , and 
at the fusion point the metal burns in the gas. Gaseous ammonia reacts readily 
with sodium, and liquid ammonia forms blue soln — the so-called alkak-ammoniums. 
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Sulphur dioxide is partly absorbed by sodium, and partly reduced to the sulphide ; 
cone sulphuric acid is reduced to the sulphide ; the reaction with an acid of sp gr, 
1*84 is lej*s vigorous than with water , but a more dil aq. soln of the acid Teacta 
with explo-ive violence. Boiling sulphur chloride does not attack sodium ; thionyl 
chloride is completely absorbed by sodium near its m p. Nitrogen does not combine 
directly with potassium, but lithium unites vigorously with nitrogen below a red 
heat, and forms the nitride, Li 3 N. Phosphorus, arsenic, and antimony unite 
directly with the metal. Sodium decomposes hydrogen phosphide and hydrogen 
arsenide with the liberation of hydrogen. Phosphorus trichloride detonates at the 
fusion temp of sodium, and sodium phosphide is formed Nitrous oxide gives 
sodium oxide between 180° and 200° ; the higher nitrogen oxides form mixtures 
of sodium nitrite and nitrate Sodium inflames spontaneously m contact with 
nitric acid of a sp gr exceeding 1 056. With meta-phosphoric acid, some meta- 
phosphate and phosphide are produced. Boron does not unite directly with 
potassium; nor does silicon or carbon. Acetylene forms carbides K 2 0 2 and Na 2 C 2 ; 
liquid acetylene with sodium forms NaHCo The alkali metals displace the 
metals from many oxides and salts — e.g aluminium chloride forms potassium 
ehlonde and aluminium When heated with an alkali metal, silicon fluoride forms 
silicon, hydrogen, etc. , boron fluoride forms horon With mercury oxide and 
sodium, HgXa 2 02 is formed The alkali metals also reduce many oxides — eg . 
with boric oxide, boron is formed: B 2 0 S +6K=2B+3K 2 0 J and the potassium 
oxide unites with the excess of boric acid, forming a borate Liquid carbon dioxide 
is scarcely attacked , but at a red heat, free carbon, sodium oxide, and carbonate 
are formed ; carbon monoxide under the same conditions gives similar products , 
carbon disulphide is attacked m the cold Sodium attacks many minerals which 
are insoluble in acids— e.g silicates, tungstates, titanates, molybdates, chromite, 
and cassiterite. Silica, glass, and porcelain are also attacked by the alkali metals. 
Potab&ium is not so soluble as sodium m the fused hydroxides ; thus, 8 to 9 grins, 
of the metal potassium dissolve in 100 grins of fused potassium hydroxide at 480°, 
and from 0 5 to 1*3 grms. at 700° , while 25 3 gims. of sodium dissolve in 100 grins, 
of sodium hydroxide at 480° and 6 9 at 800°. Equilibrium in each case is attained 
very slowly. G. von Hevesy 62 found the solubility of sodium in fused sodium 
hydroxide to be 

±80° 600° 610° 670“ 760° 800° 

Na . 25 3 10 1 9 9 0*5 7 9 6 9 

expressed in grms. per 100 grms. of the fused alkali hydroxide. Similarly, with 
potassium in fused potassium hydroxide, he found at 480°, 7’ 8-8 9 grms of potas- 
sium; at 600°, 4-3 ; at 650°, 2-2 7, and at 700°, 0 5-1*3. The solubility of 
Bodium is lowered by the presence of thallium, cadmium, and gold, but no definite 
result was observed Vith the alkali halides 

Uses of the al kali metals. — Up to about 1890, the main, perhaps the only, 
use of the metal sodium was in the manufacture of aluminium When the electro- 
lytic process for aluminium was established, it appeared as if the production of 
sodiuiu on a large scale would cease ; but an application of the electrolytic process 
for sodium so cheapened this element that it could be employed in processes where 
previously its high cost had prevented its use. For example, large amounts of sodium 
are now converted into sodium peroxide used in bleaching, etc. ; also into alkali 
cyanides used in gold extraction, in electroplating, photography, etc. Sodium is 
used in the aniline dye industry and in making organic compounds when a powerful 
reducing agent is needed — e cj. artificial indigo. Sodium amalgam was formerly 
used m the extraction of gold from crushed quartos© rock; and the amalgam, 
like the metal, is an important reducing agent An alloy of potassi um and sodium, 
liquid at ordinary temp., is used for some high temp, thermometers above the 
b.p. of mercury. 

The atomic weights of the alkali metals.— A. Arfvedson, the discoverer of 
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lithium, made an attempt in 1817 to determine the at wt. of this element. He 
assumed that the oxide has the composition Li0 3 , to-day, the oxide r> taken to 
be Li 2 0, bo that, assuming Arfvedson's determination was correct, his value would 
he four times that now accepted In 1826, however, J J. Berzelius reasoned that 
this element forms no sesquioxide, and, from the analogy with the other elements 
which form no sesquioxides, he preferred the formula LiO In his celebrated table 
of at, wt , 1826, J J Berzelius represented the three alkali oxides then known by the 
general formula BO However, as a result of the work of C F. Gerhardt, J. J, Berze- 
lius 5 formula for the alkali oxides BO was changed to R 2 0, and Berzelius’ at. wt 
were accordingly halved In 1849, H. Y. Begnault determined the sp. ht of the 
alkali chlorides, and from the analogy with other related chlonde&, he assigned 
to the alkali chlorides the formula RgC^j and to the oxide, R 2 0 , this was confirmed 
m 1862, when H. V. Begnault found the at ht of, say, lithium to be 6 6 in agree- 
ment with Dulong and Petit’s rule, provided the at. wt of lithium he 7 , this made 
the formula for the oxide Li z O For similar reasons, H V Begnault maintained 
that the oxides of sodium and potassium should he represented by the formulas 
Na 2 0 and K 2 0 respectively. J. J Berzelius advocated the formulae LiO, NaO, 
and KO to the day of his death, 1848 — probably because he assigned a far greater 
weight to evidence based on chemical rather than on physical grounds. The 
formulae Li 2 0, K 2 0 } and Na 2 0 are those accepted to-day, and they are in harmony 
with the isomorphism of the more complex compounds of lithium and sodium and 
of the alkali metals generally ; although li thium itself often behaves differently 
from the other elements of the family group The grouping of lithium with the alkali 
metals is also confirmed by MendelSefFs classification ; from the fact that in aq. 
soln of its salts lithium, like the other four metals m the alkali family, behav^i as 
a univalent cation The umvalency of the members of the alkali family of nftltals 
is further m agreement with the vapour density deteraoioations of the metals and the 
volatile salts , and with the mol, wt, of soln of different salts in various solvents. 

Comparatively few at wt have been fixed by direct comparison with hydrogen 
or oxygen , most of them have been determined by reference to silver, chlorine, 
bromine, iodine, potassium, sodium, nitrogen, carbon, or sulphur as an intermediary, 
which m turn is referred to the oxygen or hydrogen standard By international 
agreement, oxygen is the primary st an dard, and therefore these elements are to 
be regarded as intermediate or secondary standards, which are essent ially hound 
up with the at. wt of the other elements The accurate determination of these 
intermediate ot secondary standards is therefore of great sig nifi cance Determina- 
tions of the at wt. of potassium and sodium were made by J. J. Berzelius, 
T, J. Pelouze, and J C, G de Mangnac This gave a relation between potassium or 
sodium and the halogen In one group of determinations, the mol, wt. of the 
alkali halide was obtained by the decomposition of a known weight of a chlorate, 
bromate, or iodate ; and in a second group of determinations, silver chloride, 
bromide, or iodide was precipitated from a soln of alkali hakde The silver was the 
connecting link between the at. wt of the halogen and the alkali metaL 

ExAitPLE — Careful measurements show that 100 grms of potassium chlorate, KCIO Si 
furnish 60*846 grms of potassium chlonde, KC1 Hence, if the at wt. of oxygen be 16, 
it follows that 48 grms. of oxygen in potassium chlorate correspond with 74 693 grms. of 
potassium chlonde. Again, 100 grms of silver dissolved in mtnc acid are required for the 
precipitation of the chlorine m 69 1138 grms of potassium chloride, and 130 9478 grms of 
BuvMr chlonde are obtained Hence, 74*693 grms of potassium chlonde require the eq. 
of 107 928 grms of silver for precipitation, and furnish 143*329 grms of silver ch T onde and 
contain 107*928 grms of silver and 36*401 grms of chlorine, and consequently also 74 693 
grms of potassium chlonde contain 36 401 grms. of chlorine, and 39*190 grms of potassium. 
Hence, the at wt of silver, chlorine, and potassium are respectively 107 9, 36*4, and 39*19’ 
when the at. wt of oxygen is 16 ' “ 5 


As a result of various detemio&tions 68 of the at. wt. of poteussiziTn ranging 
from J. J. Berzelius* 39 26 in 1811 to T, W. Richards and E. Muller’s 39*114 m 
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1907, the best representative value is taken to be 39*15 (oxygen 16) Similarly, 
lumbers ranging from J. J. Berzelius’ 23 105 m 1826 to T W. Richards and 
R C. Wells value 23*008 m 1905 have been recorded for the at wt of sodium ; 64 
the bft>t representative value is taken to be 23*05 (oxygen 16) The early deter- 
minations of the at. wt of hthum were made on impure samples, probably con- 
taminated with sodium ; 66 and accordingly, the number^ are rather high, ranging 
from 7 G5 to 10 7. The later numbers range from R Hermann’s 61m 1829 to 
T V. Richards and H. H Willard’s 6 939 in 1910 The best representative value 
of all reliable determinations is taken to be 7*08 (oxygen 16) The values 66 for 
rubidium range from R. Bunsen*s 85 36 in 1861 to Archibald's 85 483 m 1904 The 
best representative value is taken to be 85*4 (oxygen 16) The at wt of cmium 
ranges 67 fromR. Bunsen’s value 132*661 in 1861 to T W Richards andE H Archi- 
bald’s 132*879 m 1903 The best representative value is taken to be 132 9 (oxygen 
16). The numbers for lithium were determined by the analysis of the sulphate, 
carbonate, chloride, and the perchloiate , the numbers for rubidium by the analysis 
of the chloride, bromide, and sulphate ; and for ceesium by the analysis of the 
chloride, bromide, and nitrate. There are several indications of a missing element 
in the alkali series with a higher at wt than caesium. In Mendeleeff’s periodic 
table there is a gap corresponding with eJca-ccesium , and the at numbers also 
show a corresponding gap as indicated by H G - J. Moseley, M Siegbahn and 
E, Frtman, etc. T. W. Richards and E H Archibald, L M Dennis and 
R. W. G. Wyckoff, and G P. Baxter 68 fractionally crystallized pure caesium 
nitrate, derived from specimens of pollucite, etc , while m search of the unknown 
alkali metal. The at. wt. of the different fractions were virtually the same, and 
the flame spectra of the different fractions showed no line not present in all that 
were examined. 

The relative density of potassium vapour at 1040° (H unity) is between 40 and 
45 ; very nearly corresponding with monoa tonne molecules 69 The vapour densi- 
ties of the alkali metals are somewhat inaccurate because they attack the con- 
taining vessels. The value for sodium, between 15 1 and 25 8. also agrees with a 
monatomic mol W. Ramsay’s experiments on the effect of potassium on the 
f .p. of mercury show that the alkali metals are possibly univalent in mercurial soln 
C T. Heycock obtained similar results from the effects of lithium, and potassium 
on the fp. of sodium; and of sodium on the f.p. of cadmium, tm, lead, and 
bismuth. 

F W. Aston 00 has shown that the positive ray Bpectrum of lithium shows the 
existence of two isotopes of at. wt 6 and 7 ; sodium shows no isotope ,* potassium 
shows two isotopes with at wt 39 and 41 ; rubidium shows two isotopes of at wt 
85 and 87 ; and caesium has possibly two isotopes 

Analytical reactions of the salts of the alkali metals. — The salts of the alkali 
metals are not precipitated from aq. soln. by dil. hydrochloric aoid , hydrogen 
sulphide, alkali or ammonium sulphide, ammonium carbonate or phosphate 
(excepting with lithium), barium or calcium hydroxides. A soln of lithium or 
sodium Balts does not readily give a precipitate with hydroch loroplattmc acid or 
tartanc acid , because the corresponding salts are readily soluble in water ; with 
soln. of potassium salts not too dil., hydrochloroplatimo acid gives a yellow pre- 
cipitate and tartaric acid a white precipitate. The former acid precipitates rubidium 
and caesium salts even more readily than potassium salts, because the rubidium 
salt, and still more the caesium salt, are less soluble than potassium chloroplatmate. 
The rubidium tartrate is more soluble than potassium tartrate and the caesium 
salt is more soluble still, so that precipitates with tartaric acid are produced only 
in cone. soln. Hydrochlorostanntc acid, H 2 SnCla, produces a white precipitate 
with caesium salts, and with rubidium salts m very cone. soln. ; potassium, sodium, 
and lithium salts give no precipitate with this acid. A soln of antimony trichloride 
in hydrochloric acid acta similarly. Sodium phosphate, Na 2 HP0 4 , produces a 
precipitate only with lithium salts in soln. of moderate cone. , the reaction is 
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quantitative only in soln made alkaline with caustic soda, evaporated to dryness, 
and washed with ammonia water* Ammonium carbonate , (NH-t)oCOg, in ammoniacal 
soln precipitates lithium carbonate from moderately cone soln. of lithium salts 
m the absence of considerable amounts of the other alkali chlorides or of ammonium 
chloride. The other alkali salts give no precipitate under the same conditions. 
Ammonium fluoride soln m excess precipitates lithium salts alone from moderately 
cone soln of lithium salts* Ammonia favours the precipitation. Sodium cohalti - 
nitrite — KonmcJcs reagent — prepared hv acidifying a soln of 5 parts crystalline 
cobalt nitrate, 10 parts of sodium nitrite, and 100 c.c of water with a few drops 
of acetic acid — gives a yellow precipitate with potassium salts, but not with salts 
of sodium, lithium, rubidium, caesium, magnesium, the alkaline earths, zinc, alumi- 
nium, etc A yellow coloration produced is sensitive to nearly 1 * 50,000. Ammo- 
ilium salts should be absent, since they too give a precipitate sensitive to 1 : 20*000, 
and almost rivalling in delicacy Nessler’s test Sthco-molybdic acid gives an insoluble 
precipitate of caesium siheo-molybdate, and a slightly soluble precipitate of rubidium 
silico-molybdate, and still more soluble precipitates of the other alkali salts. Per- 
chloric acid produces a precipitate with potassium, rubidium, and caesium salts. 
Bismuth-sodium thiosulphate — Carnot's reagent — prepared by adding a few drops 
of sodium thiosulphate to a drop of dil bismuth nitrate and adding 10-15 c.c of 
absolute alcohol, and if the soln is turbid, adding water until the turbidity just 
clears — gives a yellow precipitate of bismuth potassium thiosulphate with potassium 
but not with sodium salts Ammonium chloride inhibits the reaction Hydro- 
fluosilimc acid m excess gives a gelatinous precipitate with soln of potassium 
rubidium, and caesium salts Potassium pyroantimomate, K 2 H 2 Sb 2 0 7 , gives a 
white precipitate in neutral or feebly alkaline, not acid, soln of sodium salts. Many 
salts of the metals give analogous precipitates with this reagent. A filtered soln. 
of potassium dihyefroxytartrate, Kg^H^OgJHgO, dissolved in the least possible 
quantity of water, gives a sparingly soluble precipitate with sodium salts , by using 
ice-cold soln , H J. H. Fenton 61 detected one part of sodium m 2000 parts of 
water by its means CEesium carbonate is alone soluble m absolute alcohol, the 
carbonates of the other four alkalies axe but very sparingly soluble Lithium 
chloride is alone soluble in a mixture of absolute alcohol and ether, the chlorides 
of the other four alkalies are but sparingly soluble If rubidium chloride, containing 
a little caBsium and potassium chlorides, be dissolved in cono* hydrochloric acid and 
be treated with a soln of antimonious chloride in the same acid, all the csesium with a 
little rubidium will be precipitated as a mixture of 3CsCl 2SbCl8, or CsgSbaCle, and 
3BbC1.2SbCl 8 , or Rl^SbgClg The filtrate, after concentration, can be treated with 
hydrogen sulphide to remove the antimony, and the filtrate evaporated, taken up 
with cone hydroohlorio acid, and treated with an excess of stannic chloride * The 
rubidium is precipitated almost quantitatively as E.b 2 SnCI 6 , while the potassium 
remains in soln. as K 2 SnCl 6 . Wash the precipitated H^SdCIq by decantation with 
cone hydrochloric acid, dissolve it in water, and remove the tin by hydrogen 
sulphide Fairly pure rubidium chloride can be obtained from the filtrate. Alum 
produces a precipitate in soln of csesium salts of moderate cone , and in cono. soln. of 
rubidium salts under conditions where no precipitation occurs with salts of the other 
alkalies* A non-lummous gas flame is coloured reddish- violet by csesium, rubidium, 
and potassium Balts ; sodium salts give a yellow flame which makes a stick of red 
sealing-wax appear yellow, whereas a luminous gas -flame makes the sealing-wax 
appear orange. Li thium salts colour the flame carmine red Sodium salts may 
mask the colour produced by the other salts, but not if the flame is viewed through 
blue cobalt glass. The spectroscope is a delicate indicator of the absence or presence 
of these salts in the flame reactions In quantitative analysis, the mixed chlorides 
of potassium and sodium are weighed and the alcoholic soln is treated with hydro- 
ohloroplatmic acid, or perchloric acid. The precipitated potassium salt is weighed, 
and the corresponding amount of potassium chloride is calculated. The sodium 
chloride is then estimated by difference* If lithium chloride be present it is first 



474 


INORGANIC AND THEORETICAL CHEMISTRY 


washed out with a soln. of amyl alcohol and ether. The rubidium and cee3mrn 
chloride^ are precipitated with the potassium salt. 


References. 

1 L Martiouohek, Bull Soc Cliim , (4), 16 751, 1914 

* A. W Hull, Pkys Rev, (2), 10 661, 1917 

3 R Bottler, Bet , 7. 1536, 1874; C Engler, tb , 12 2186, 1879 ; M. Rosenfeld, ib , 24. 1658, 
1891 ; W YaubeL, Zeit awjevc Chcm , 6 200, 1892. 

4 C. E Long, Journ Chcm . Soc, 13 122, 1861 ; F. Schcedler, Liebig's Ann , 20 2, 1836; 
A Plcischl, Journ prakt Cke?n , (1), 31 45, 1844. 

6 W L. Dudley, Amcr Chem. Journ , 14 1S5, 1892 ; Chcm News, 69 163, 1892 , R W Wood 
and J H. Moore, Phil. Mag , (G), 6 362, 1903, Astrophys Journ , 18. 94, 1903 , G S. Newth, 
Nature , , 47. 55, 1892. 

4 E Lannemaim, Journ prakt Chcm, (1), 75. 128, 1858; H Baumhauer, ib., (1), 102 123, 
361, 18G7 , R Bunsen and A Matthiessen, Liebig's Ann , 94 110, 1855 

7 R. Bunsen and A. Matthiessen, Liebig's Ann., 94 107,1855; T W Richards and F N Brink, 
Journ Amer Chem Soc, 29 117,1907 , T. W. Richards , Zeit phys. Chem, 61 77,1907 , J L Gay 
Lussac and L J TMnaid, Recherches phystco-chimiques, Pans, 1811 , H Schrceder, Pogg Ann „ 
106 220, 1859 ; 107 113, 1859 ; H, Baumhauer, Bcr , 6. 655, 1873 ; W Ramsay, tb , 13 2145, 
18S0 , G Yicentmi and D. Omodei, Atti Accad. Torino , 23 8, 1887 ; J Dewar, Chem News, 85. 
289, 1902 ; H Erdmann and P Kothner, Liebig's Ann , 294. 65, 1897 ; G Setterbeig, t& , 211 
112, 1882; E Griffiths, Proc Roy . Soc, 89 A, 661, 1914; M Eckordt and E Graefe, Zett 
annrg Chem, 23 378, 1900 , M Eekardt, Ann Phystl , (4), 1. 790, 1900 ; A E. Alenke, Journ 
Amer Chem Soc , 21 420, 1899 ; K. P. Slotte, Acta Soc Fenmccs , 40 3, 1911 ; W Ostwald, 
Zeit phys. Clem , 12 94, 1893 , J. W. Retgers, ib , 11 328, 1893 ; A Dnfonr, Compt Rend , 50 
1039, I860; 54. 1079, 18. 

8 E. Winkler, Lehre von der Elasticitat und Feshgkcit, Prag, 1 43, 1867 ; F. Grashof, TKeone 
der Elasttcitat und Featigkeit, Berlin, 49, 1878, H. Hertz, Journ inne angew Math, 92. 156, 
1881 , Verb. Ver. Beford. qewerbefieisses, 441, 1882 , Zeit Math Phy 5 , 28 125, 1883 ; A Foppl, 
Wied Ann , 63. 103, 1897, F. Auerbach, ib., 43 61,1891, 45 262, 1892; 53 1000,1894, 58. 
357, 1896 , Ann. Physil,,(4), S 108, 1900; M. T Heber, tb., (4), 14 153, 1904, A Laiay, Ann. 
Chim . Phys., (7), 23 Z, 1901 ; M Brilloum, tb , (7), 13 231, 1898 

• R Frankenhehn, De crystalLosrum cohaesione, Breslau, 1829 ; A. A. Seeback, Harteprujung 
an Krystallen , Berlin, 1833 , R. Franz, Pogg Ann , 80 37, 1850 ; F Auerbach, Wied Ann w. 58, 
1000, 1894; N, S. Kurnakoff and S. F Schemtschuschny, Zeit anorg. Chem, 64 149, 1909; 
F. Exner, Untersuchungen Giber die Hdrte an Kn&taUflachen, Wien, 1873 ; F Pfafif, Mftnch. Ber , 55, 
372,1883 ; 255,1884; P Jannettaz, Compt Rend., 116. 687, 1893 , M Hugueny, Recherches e&p&rx- 
mentales sur la dureii des corps, Pam, 1865 , S Buttone, Chem News, 27. 215, 1873 ; T. A Jagger, 
Amer. Journ. Science, (4), 4. 399, 1897 • M Biisgen, Zeit Foret . Ing , 543, 1904; T Turner, 
Proc. Birmingham PJitl. Soc., 5 291, 1887 ; Journ /. S. Inst, 79 l, 426, 1909 ; A. Wahlberg, 
ib., 59. i, 243, 1901 ; H. C. Boynton, ib , 70 n, 287, 1906 ; 74 n, 133, 1908 ; A Martens, Hand- 
book of Testing Material*, New York, 288, 1899 ; A F ShoTe, Amer . Machinist, 30. 747, 1907; 
Met . 2nd , 8. 332, 1910 ; Iron Age, 86 490, 1910 ; J. A BrinelL Iron and Steel Mag , 9 16, 1905 ; 
W. J. Keep, Cast Iron, New York, 187, 1902, 0. Karmarsch, Dingier' s Jowm , 153 415, 1869; 
E. Meyer, Rev MH , 5. 329, 1908 ; L Grenet, ib , 6 928, 1908 , P. Ludwak, Zeit, Oest Ing. Archil 
Ver., 11, 12, 1907 ; Die Kugelprobe, Berlin, 1908, H Behrens, Das mihroscopvsche Gefuge der 
Metalle und Legierungen, Hamburg, 21, 1898 , A. Kurth, Zett Ver deul Ing , 52 1660, 1008, 
1908 ; C. Calvert and R. Johnson, Phil Mag., (4), 17. 114, 1859 , R P. Devnes and A F. Shore, 
Proc. Amer Test. Mat , 11 726, 733, 1911 ; R Guillery, ib., 12 m, 6, 1912 , P Ron, Met ltd . 
11. 416, 1919 , Anon-, Metal Ind, 17 444, 1920 ; T. Turner, tb , 16 433, 1920 , C. A. Edwards, 
ib , 17. 221, 1920; J Innes, Journ Inst Meek Eng , 915, 1920; B. P. Haigh, ib , 891, 1920; 
R. G Durrant, Nature, 106 440, 1920 ; P Rossi, Met. lied , 11. 410, 1919 

10 S Bottone, Chem. News, 27. 215, 1873 ; T. Turner, Proc . Birmingham Phil Soc , 5. 291, 
1887 ; G Benedicks, Zeit phys. Chem., 86. 529, 1901 ; J. R Rydberg, ib., 33 353, ] 900 ; J. L. CL 
Schroeder van der Kolk, Versl. Wet. Amsterdam, 692, 1901 , G A Kenngott, Jahrb geol Reichsanst., 
8. 104, 1852 ; A Schrauf, Pogg. Ann , 134. 422, 1868 , N. S Kumakoff and S. F Schemtsobusohny, 
Journ Russian Phys Chem. Soc., 40. 1009, 1908 ; C A. Edwards, Journ Inst Metals, 20 86, 
1918. 

11 R Bunsen, Liebig's Ann , 125 368, 1803. 

18 N SlatowratBky and G. Tammann, Zeit phys. Chem , 53 341, 1905. 

18 J. R. Rydberg, Zeit. phys Chem , 33. 353, 1900 ; T, W. Richards, Journ Amer Chem. 
Soc., 37. 1643, 1916 ; L. Protz, Abhdndigleit der Jcubtschen Kompressibilitdt von der Temperatur 
f&r Folium und Natrium, Marburg, 1909 , C. A Edwards. Journ. Inst Metals, 20 86, 1918 

14 P. WL Bridgman, Phys. JRev., (2), 3 153, 1914 , Proc. Amer Acad., 56 01, 1921 

18 G. Quincke, Pogg. Ann., 1S4. 356, 1868; 135 621, 1868, E B Hagen, Wied. Ann, 19. 
436, 1883 ; M von Wogau, Ann PhysiJc, (4), 28. 345, 1907 ; T Lohnstem, Ann Physik, (4), 20. 
600, 1900 ; W. Wenz, &, (4), 38. 951, 1910. 

18 H. Y. Regnault, Ann, GMm- Phys , (3), 46. 257, 1856; E B. Hagan, Wied. Ann., 19. 



THE ALKALI METALS 


475 


436, 1883, G. Tammann, %b , 68 636, 1899; M EckaTdt, Am i Physik , (4), 1 790, 1900; 
Gr Vicentini and D Omodei, Atti Accad. Torino , 23 38, 18S7, W Holt and W E Suns, Joum. 
Chan. Soc ,, 66 432, 1894 ; H Erdmann and P Kothner, Liebig's Ann , 294 56, 1897 ; JR Bunsen 
and G Kirchhoff, »&., 122 347, 1862; 125 307, 1863, C Setterberg, ib , 211, 112, 1882; 
N S. Kurnakoff and N- A Puschm Zeitf a7?org C^em , 30 109,1902; M Eckardt and E Graele, 
ib , 23 378,1900, P W Bridgman, P/iys Ecu, (2), 3 163,1914, (2), 17. 101, 1921 , G.Tammaim, 
KnstaUisteren und Schmehen, Leipzig, 247, 1903 , E. Griffiths, Proc Roy. Soc., 89 A, 561, 1914 ; 
A Thum, Untersuchungen ubei die Abhangiyl eit der spezifischvn Warm* das Natriums und Lithiums 
von der Temperatur, Zuneh, 1906 ; E Rengade, Compt Pend , 156 1897, 1913, P. W Bridgman, 
Proc Amer Acad , 56 61, 1921. 

17 T Camelley and C. Williams, Joum Ghem. Soc , 35. 563, 1879 ; 37 125, 1880 , E. P Pennan, 
ib , 55 326, 1889; O Buff and 0 Johannsen, Ber., 38 3601, 1905, F. Kjrafft and L Bergfeld, ib » 
38 250, 1905 ; A Gebhardt, Verb deut phys Ges , 3 184, 1905 ; G W A Kahlbaum, Zctf. 
anorg. Chem , 23. 220, 1900 , E. Bartlia, Ueber die Siedepunkie der AlkahmciaUe und AlLahhalo- 
genide vm Vacuum dee Kathodenhchts, Heidelberg, 1912; A Gebhardt-, Ueber den JDampfdruck 
von Quecks’lbcr -und Nati turn, Leipzig, 1904 , A Kroner, Ueber die Dampfdi ucle der AllahmctaUe, 
Leipzig, 1913 , F B Jewett, Phil Mag , (6), 4? 646, 1902 ; L Haekspill, Compt Pend , 154. 
877 1912 

18 A Bernini, Phys. Zeit, 7 168, 1906; A Joanms, Ann Chim. Phys t (6), 12 381, 1887 ; 
E. Griffiths, Proc Poy Soc , 89 A, 501, 1914 , P W Bridgman, Phys Pev., (2), 8. 153, 1914 ; 
I Ltaka, Science Pep Tohokii, Umv , 8 DO, 1919 ; A Thum, Untersuchungen viber die Abhangigkett 
der spezifischen Warme des Nab turns i md Lithiums von der Temperatur, Zurich, 1906 ; E Rengade, 
Compt Pend , 156 1897, 1913 

18 H V. Begnault, Ann Chtm Phys , (3), 1. 191, 1841 ; (3), 63 11, 1861 , A Bernini, Phys, 
Zcit , 7 168, 1906, Nuovo Cimento , 10 6, 1905; P Hordmeyer and A L Bernoulli, Ber deut. 
phys Oes , 5. 175, 1907 ; L Schuz, Wied. Ann., 46 177, 1892 ; E D Eastman and W. H. 
Rodebush, Joum Amer Chem Soc , 40. 489, 1918 , L Ltaka, Science Pep Tohoikn Imp Umv. 4 
8 99, 1919 ; W Nernst, Sitzber Akad Berlin, 933, 1906 ; G. N Lewis, Joum. Amer Chem. 
Soc, 29 1165, 1907 , G N Lewis and E Q Adams, Phys Pev., (2), 4. 331, 1914; J. Dewar, 
Proc Roy Soc , 89 A, 168, 1914; T Erfcreicher and M Stamewsky, Bull Acad Cracovie, 
834, 1912 , E. Griffiths, Proc. Boy Soc , 89. A, 561, 1914 , E H and E. Griffiths, Phi. Trans , 
214 A, 319, 1914, 213 A, 119, 1913; M Eckardt and E Gxaefe, Zett anoig Chem, 23 378, 
1900, F Koref, Ann PhysiJc , (4), 36 49, 1911 ; R Lamm el, ib , (4), 16. 551, 1905; L Protz, 
i b , (4), 31 146, 1910 , A Euoken, Ber deut phys Qes , 18 18, 1916 ; A. Klemer and A Thum, 
Arch Soc Phys, (4), 22 276, 1906; E Deuss, Ft erteljahrs Nat Oes. Zurich , 56. 15, 1911; 
P Gunther, Ann Physik, (4), 63 476, 1820 ; A Thum, Untersuchungen Uber die Abhangigleit 
der spezifischen Warme des Natriums und Lithiums von der Temperatur, Zurich, 1906 ; E Rengade, 
Compt Pend , 156. 1897, 1913 

20 R Lamm el, Ann Physik, (4), 16 651, 1906 , E. Cohen and G. de Brum, Proc Acad. 
Amsterdam , 17 926, 1914; E. Cohen and S Wolff, ib , 17 1115, 1914, 18. 91, 1915, 

21 W. Holt and W. E Sims, Joum Chem Soc , 65 432, 1894. 

22 E B. Hagen, Wied. Ann , 19 436, 1883 ; J Dewar, Proc Boy Soc., 70. 237, 1902 ; 
E Griffiths, t& , 27 477, 1915 ; A Bernini and G. Cantom, Nuovo Cimento, (6), 8. 241, 1914 ; 
A Thum, Untersuchungen uber die Abhdngigkeit der spestfischen Warme des Natriums und Lithiums 
von der Temperatur, Zurich, 1906 

» H Davy, PM Trans , 98 1, 333, 1808 ; 99. 39, 1809 ; 100 10, 1810 ; F. C. Calvert and 
R Johnson, Compt Rend., 47 1069, 1858 ; J. W. Hombeok, Phys. Pev , (2), 2. 217, 1913. 

** A Matthiessen, Pogg. Ann , 100. 177, 1857 ; A Bernini, Nuoto Cimento, (5), 8. 262, 1904 ; 
Phys Zett , 5 241, 406, 1904 , 6 74, 1905 , A Guntz and W. Bromewsky, Compt. Pend L, 147. 
1474, 1908, 148. 204, 1909 , L HaokHpxll, ib., 151. 305, 1910, J R Benoit, ib., 76. 342, 1873 ; 
E Muller, Mektrotech Zeit , 13. 72, 1892 ; E F. Northrup, Trans Amer. JElectrochem Soc , 20. 
185, 1911 , 25. 373, 1914 ; P. W. Bridgman, Proc Amer. Acad., 56 61, 1921 ; Phys Pev., (2), 
17 161, 1921 , B Godden and R Pohl, Zeit. Physik , 3 98, 1920 ; J. W. Hombeok, Phys. Pev., 
(2), 2 217, 1913. 

25 H C Baker, Amer Joum. Science, (4), 24 159, 1907 ; A Naccan and M* Bellala, Atti 1st 
Veneto , (5), 2. 599, 1876. 

26 K. Honda, Ann. Physik, (4), 82. 1027, 1910 ; A Bernini, Phys. Zeit, 6. 109, 1905. 

27 W Ostwald, Orundnss der aUgemetnen Chemte, Leipzig, 281, 1899 

28 W. Ostwald and G Bredig, Zeit phys Chem , 13. 262, 1894 ; K Fajans, Ber . dent phys. 
Qes., 21 549, 1919 , Rl Lorenz, Zeit pliys Ghem , 78 253, 1910 ; P. Walden, t b , 60. 807, 1907 ; 
Ion, 1 411, 1909; Zeit. anorg Chem., 113 125, 1920 , S A Braley and J. L Hall, Joum. Amer 
Chem Soc., 42 1770, 1920 , G N. Lewis and C. A Kraus, tb , 32 1469, 1910 ; G N Lewis and 
F G Kayes, ib , 84 119, 1912 , 35. 340, 1913 , G. N Lewis and,W. L. Arago, ib , 37 1983. 
1915 , P. Lenard, W Weick, and H. Ferd, Ann Physik, (4), 61. 665, 1920 ; P Walden, Zeit. 
anorg. Chem., 113 125, 1920 ; M Bom, Zett Physik, 1 45, 1920 ; K Fajans and K F. Herzfeld, 
tb., 2. 309, 1920 , R Lorenz, t&., 2 175, 1920 

28 F Kohlrausch, Sitzber Akad. Berlin, 1026, 1901 ; 572, 1902. 

*° G N. Lewis and F. G. Keyes, Joum. Amer. Chem. Soc., 35. 340, 1913 ; M- N. Saha, Phil. 
Mag., (6), 40. 809, 1920 

81 A Campetti, Atti Accad . Tonne, 63. 519, 608, 1918, 



476 


INORGANIC AND THEORETICAL CHEMISTRY 


* 2 R Pnhl and P Prmgsheim, Ber deut. phys Ges., 12. 682, 1910 ; G Wieduaann and 
W. Hallwachs, ib , 16 107, 1914 ; K, T. Compton and 0. W Richardson, Phil Mag , (6), 20. 
549, 1913, R A Millikan and W H Souder, Phys Rev, (2), 8 310, 1916; S H Anderson, ib , 
(2), 1 233, 1013, J. A. Gilbreath, ib , (2), 10 16b, 1917, H Kuster, Phys Zeit , 15 68, 1914, 
K. Fredenhagen, i b , 15 65, 1914 ; A L Hughes, Photo-electricity Cambridge, 25, 1914 , J Els ter 
and H. Geitel, Phys Ztit , 21. 361, 1920 , J Braun, Die photoeleltrischen Wtrkungen der Allah - 
rnetalle in homogencm Licht, Bonn, 1900 ; E F Seiler, Astiopkys Joum , 52 129, 1920 ; H. von 
Halban and H. Geiger, Ze it phys Ghem , 96 214, 1920 ; G Wiedem ann , Ber deut phys Ges , 
17 343, 1913 ; W H Souder, Phys Rev , (2), 8 310, 1916 

38 T. Svedberg, Ber , 88 3616, 1905 ; Studien zur Lehre ton den KdUoiden Losungen, Upsala, 
1907. 

34 J Kanonmkoft, Joum pralt Chem., (2), 81. 321, 497, 1885. 

« P Dmde, Wicd Ann , 89 481, 1890, 42 186, 1891 ; 64 159, 1898, R S. Minor, Ann. 
Physik, (4), 10 581, 1903 , K Fosterling and V Freedeneksz, ib , (4), 40. 201, 1913 , A Q Tool. 
Phys Rev , 31 1, 1910, R. W. and R C. Duncan, »6, (1), 86 294, 1913 ; J B Nathanson, t b , 
(2), 11 227, 1918; Astrophys . Joum , 44 137, 1916 ; J. Elster and H Geitel, Wied Ann., 52 
540, 1894; 55 684, 1895 ; 61. 446, 1897 , M K Frehafer, Phys Rev , (2). 15 110, 1920 ; J Jamrn, 
Ann Chim Phys., (3), 19 297, 1847 ; 44 137, 1916 

88 BL Kayser and C. Runge, TJeber die Spectren der Elemente , Berlin, 1890, W Crookes, 
Ann Chun Phys , (5), 23. 562, 1881; J. L. Schonn, Wted Ann, 9. 483, 1880; 10 143, 1880, 
E. E Brooke, Chem News, 64 30, 1891 , A. S Marggraf, Chymische Schnjten , Beilin, 1762, 
T. Melville, Essays and Obsertatwns , Physical and Literary , Edinburgh, 2 145, 1855 , C D. Child, 
Phys Rev , (2), 17 270, 1921 , J. H Pollok and A G G Leonard, Proc Roy Dublin Soc , (2), 
11 229, 1907; A G. G. Leonard and P. Whelan, ib , (2), 15 273, 1918, P. D. Footo and 
W. F. Meggers, Phil Mag , (0), 40. 80, 1920 ; M. Ritter, Ann Physik, (4), 59. 170, 1919 , C. Fucht- 
bauer, Phys Zeit , 21 322, 1920. 

37 E Beckmann and H. Lmder, Zei t. phys Chem., 82 641, 1913 , A Gouy, Ann Chim 
Phys., (5), 18. 1, 1879 , W D Bancroft and H. B. Weiser, Trans Amer Electrochem Soc , 25 
121, 1914; Joum. Phys Chem, 19. 310, 1916; H B Weiser, ib , 22 439, 1918, 18 213, 281, 
1914 ; J. A. Wilkinson, ib , 13, 691, 1909 , E F. Famau, tb , 17 644, 1913 , C de Watteville, 
Phtl. Trans, 204 A, 140, 1904; G Knohhoff and R. Bunsen, Phil. Maq , (4), 22. 509, 1861, 
Pogg Arm, 110 161, 1860, 118 337, 1861 , E Mitscherlich, ib , 116 304, 1862; 121 459, 
1864 ; P. Lenard, Arm Physik , (4), 11, 636, 1903 ; (4), 17 197, 1906 ; J. Stark and K Siege, 
i b. t (4), 21 457, 1906 ; C Fredenhagen, ib , (4), 20 133, 1906 , Phys Ze it, 8 735, 1904 ; J Stark, 
tb ., 11 171, 1910 ; A SmitheUs, Phil Mag , (5), 32 245, 1894 , E, Wiedemann and G C Schmidt, 
Wted Arm., 57. 447, 1896 : S Arrhenius, tb., 42 18, 1891 ; A. Schuster, Encyc . Brit , 25. 630, 
1911. 

88 H E.Roscoeand A Schuster, Proc. Roy Soc., 22 362, 1874; G D lavemgandJ Dewar, 
tb., 27. 132, 1878 ; 28 157, 352, 367, 1879; J N. Loekyer, ib , 29 266, 1879; 30 31, 1880; 
Ber., 12. 1220, 1879 ; E, Wiedemann, Wted Ann , 10 202, 1880 ; E Wiedemann and G C Solimidt, 
ib., 57 447, 1896 , W. N. Hartley, Joum. Chem Soc., 44. 84 1882 ; Proc Roy Soc , 79. A, 242, 
1907 , W N. Hartley and H. W Moss, tb., 87 A, 38, 1912 , BL Becquerel, Compt Rend , 97 71, 
1883; 99. 374, 1881; P Zeemann, Phil Mag , (5), 43. 226, 1897; Nature, 55. 192, 347, 1897; 
S. Datta, Proc . Roy Soc., 99 A, 69, 1921 

G. Kirchhoff and R Bunsen, Joum. pralt. Chem , (l) f 80 449, 1909, A Belohoubek, 
tb., (1), 99 235, 1918 , E Pappel, Pogg Ann , 139. 631, 1870. 

40 E Mitscherlich, Pogg Ann, 116 504, 1862, E Prmgsheim, Wted Arm, 45 428, 1892, 
49. 347, 185)3 , F Pasehen, tb , 50. 409, 1893 ; 61 1, 40, 1894 , 52 228, 1894 , W Hittorf, ib , 
7. 587, 1879 ; 19 73, 1883 , W. Siemens, tb , 18 311, 1883 ; 0 Fredenhagen, Ann Physik, 
(4), 20 141, 1900 ; A. Smithells, Phil Mag , (5), 37. 248, 1894 ; (5), 39 132, 1806 , J. Evershed, 
tb , (5), 89. 471, 1895 ; W. D. Bancroft and H B Weiser, Joum Phys Chem , 18. 213, 281, 
1914 ; W. D. Bancroft, Joum. Franlhn Inst , 175. 129, 1913 ; R. W Wood, Physical Optics , 
New York, 519, 594, 1911 ; H. Kayser, Randbuch der Spectroscopie, Leipzig, 2 182, 1902. 

41 H Kayser and O Runge, Wted. Ann , 41 302, 320, 1890 , B. W. Snow, tb , 47 208, 1892 ; 
H Kayser, Randbuch der Spectroscopic , Leipzig, 2 517, 1902 ; A. Schustei, Nature, 57 320, 
1898 , BL Lehmann, Photographic der vtirarothen Spectren der AlkahmetaUe , Freiburg, 1901 ; 
Ann. Physik, (4), 5 633, 1901 ; E. P. Lewis, Astrophys. Joum , 2 1, 1895, E Becquerel, Compt 
Rend , 99. 374, 1884 ; G J Stoney, Phil Mag , (5), 33 503, 1892 , E Fues, Ann Physik, (4 , 
63, 1, 1920 ; M N. Saha, Phil Mag., (6), 40. 807, 1920 ; A Lartigue, Compt Rend , 109 914, 1919 

48 R, W Wood, Physical Optics, New York, 514, 1914 ; Phil. Mag , (0), 10 408, 613, 1905 ; 
(6), 27. 524, 1914 ; R. W Wood and L Dunover, tb , (0), 27 1018, 1914 „ R W Wood and 
F L Mohler, ib., (0), 11 70, 1906 ; R. W. Wood and J. H Moore, ib , (6), 0 362, 1003 ; 
G G Stokes, Nature , 13. 188, 1876, G. Kirchhoff, Pogg . Arm , 118 94, 1803; Phil Mag . (4), 
25 250, 1803 ; Sitzbtr. Ahad Berlin, 63, 1801 ; 227, 1862 ; 225, 1863 , L Dunoyer, Radium, 9 
177, 1912 ; Joum Phys , (5), 4. 17, 1914 ; R J Strutt, Proc Roy Soc , 91. A, 389, 511, 1916 , 
96. A, 272, 1919. 

48 G. A. Hemsalcch, Compt. Rend , 169 915, JQ34, 1910 ; 170 44, 1920 ; A de Gramont, 
ib., 170, 47, 1920. 

44 0. Hahn and M. Rothenbacb, Phys ZeiU, 20 194, 1919 , N. R Campbell and R, W Wood, 
Proc. Cambridge Phil Soc , 14. 16, 1908 ; F. C Brown, Phys. Rev., (2). 1. 83, 1913 , H Lachs. 



THE ALKALI METALS 


477 


Ber WarschaU Wisa. Qes , 151, 1915; 872, 1916, E Rutherford and J. Chadwick, Nature, 107 
41. 1921 , C W Hewlett, Phys Rev , (2), 17. 284, 1921 ; H R von Traubenberg, ZeU Physik 
2 268, 1920 

*5 p Lebeau, Compt Rend , 136 1256, 1903 ; P A, von Bonsdorff, Ann Chim Phys , (2), 41. 
296, 1837 , (2), 42 325, 1837 , W. Holt and W E Sims, Journ Chem Soc , 65 432, 1£&4 , A. do 
Gramont, Compt Rend , 122 1411, 1896, Bull Soc Chim , (3), 17 780, 1897; G. Reboul, 
Comvt Rend , 166 1195, 1919 , E Rengade, ib , 142 1533, 1906 ; 145 236, 1907 , Ann Chim 
Phy,( 8), 11 348,1907. 

40 J* Thomsen, Thermochemische Untersuchungen, Leipzig, 1884 , N N B eke toff, Bull AJcad 
St Petersburg, 32 186, 1888 , 33 173, 1890 r 35 541, 1894 ; A. Gnintz, Compt Rend , 1S8 
694, 1896 , P A Favre and J T Silbermann, Ann . Chim Phys , (3), 37. 443, 1853 ; A. Joannis, 
tb (6), 12 376, 1887 ; E Rengade, Compt Rend , 146 129, 1908 , 145 236, 1907 

47 J P Couerbe, Journ. Pharm Chim , (2), 19 224, 1833 ; R Bottger, Journ pralt. Chem., 
(1), 85 397, 1862; A Muller, ib , (1), 67 172, 1856; M Rosenfeld, tb , (2), 48 599, 1893; 
F W. Gnffin, Phil Mag., (4), 12 78, 1850 , J F MalagutL, Nuovo Cimento, 4 400, 1855, W Knop, 
Ckem. Centr , 822, 1864 ; A Harpf and H Fleisam, Zeit chem App Kunde, 1, 534, 1906 ; 
F W. Knstei, ib., 2 535, 1906 , R Pictet, Compt Rend , 115 814, 1892 

« G S S^rullaa, Journ Pharm Chem., (2), 15. 264, 1829 ; J. T. Ducatel, Amer. Journ 
Science, (1), 25 90, 1834, J A Wanklyn, Chem News, 20 271, 1869 , H Guichard, Bull Soc 
Chim , (4), 11 49, 1912 ; L Kahlenberg and H. Schlundt, Journ Phys Chem , 9 257, 1905 
49 R, Cowper, Chem News , 47 70, 1883 , H. Moissan, Ann Chim Phys , (6), 12 523, 1887 ; 
F Donny and J Marcska, Compt. Rend , 20 818, 1845 , H Gautier and J Charpy, tb.. 113. 
599, 1891 , 0 Meister, Ber , 5 646, 1872 , V. Merz and W. Weith, Bar 6 1518, 1873 
w J B Cohen, Chem News , 54. 17, 1886. 

81 M Rosenfeld, Ber , 24 1658, 1891. 

52 G von Hevesy, Ueber die schmelzeleltrolytische Abscheidung der A UcalimeidUe aus Aetzalkahen 
und die LdsluJikeit dieser Metalle m der Schmdze, Freiburg iBr, 1908 ; R Lorenz, Zevt Eleklro- 
chem , 13 682, 1907 

18 J J Beizelius, Pogg. Arm, 14 570, 1811 , T J Pelouze, Compt Rend., 15 959, 1842; 
A Lednc, ib , 116 383, 1893 , J C G. de Mangnao, Bibl . Univ , 46 355, 1843 , Y F&get, Ann 
Chim Phys , (3), 18 73, 80, 1846; L Maumen4, ib , (3), 18 41, 1846; J D. van der Plants, 
ib , (6), 7. 499, 1886 , J. S Stas, Bull Acad Belg , (2), 10 335 1865 ; F W Clarke, Phil Mag 
(5), 12, 103, 1881 ; Arm Chem. Journ , 3. 263, 1881 ; J Thomsen, Zett. phys Chem, 17 733, 
1893 ; W Ostwald, H Landolt, and K Seubert, Ber , 31. 2762, 1898 ; L. Meyer and JL Seubert, 
Die Atomgemchte der Elements, Leipzig, 1883 ; E. H. Archibald, Zett . anorg Chem , 34 353, 
1903, T W RiohardsandA Staehler, Further Researches concerning Atomic Weights of Potassium 
Stiver , Chlorine , Bromine, Nitrogen, and Sulphur, Washington, 7, 1907 ; T. W Richards and 
E. Muller, ib., 25, 1907. 

84 J. J Berzelius, Pogg Ann , 8 189, 1826 ; F. Penny, Phil Mag , (3), 14 219, 1839 , 

T. J. Pelouze, Compt Rend , 20 1047, 1845 ; J. B. A Dumas. Ann Chim . Phys , (3), 55. 182, 

1859 , J D van der Plaats, ib , (6), 7. 499, 1886 ; F. W. Clarke, Amer . Chem. Journ , 8. 263, 
1880 ; J S Stas, (Euvres completes, Bruxelles, 1. 341, 1894 ; Bull Acad. Belg , (2), 10. 335, 1865. 

58 R. Hermann, Pogg Arm , 15 480, 1829 ; J J Berzelius, tb , 17. 279, 1829 , R Hagen, ib , 
48 361, 1839 ; J W. Mallet, Amer Journ Science, (2), 22. 349, 1856 ; (2), 28 349, 1859 ; L Troost, 
Arm Chim Phys , (3), 51 111, 1857 , K Diehl, Liebig's Arm., 121 93, 1802 ; Compt Rend., 54 
366, 1862 f J. S. Stas, (Euvres computes, Bruxelles, 1. 710, 1894 ; M&m. Acad . Belg , 35. 1, 
1865 , W Dittmar, Proc Roy Soc Edm , 85 429, 1889 ; T. W. Riohards and H, H. Willard, 
Journ Amer . Chem Soc , 32 4, 1910 

88 R Bunsen, Pogg Ann , 113 339, 1861 ; J. Piccard, Journ. prakt Chem , (1), 86. 449, 1862 ; 

F GodefErqy, Liebig's Ann , 182. 165, 1876 ; L, Graadeau, Ann Chim. Phys , (3), 67. 182, 1863 ; 

J D van der Plaats, ib , (6), 7 499, 1886 ; E BL Archibald, Journ Chem. Soc, 85. 776, 1904 ; 

C T Heyeook, B. A Rep , 499, 1882 ; L Meyer and K. Seubert, Die Atomgemchte der Elements, 
Leipzig, 1883. 

tt7 R Bunsen, Zeit anal Chem., 1. 137, 1860 ; S W Johnson and O. D. Allen, Amer. Journ. 
Science, (2), 35 94, 1863 ; F, GodefEroy, Liebig's Ann , 181. 186, 1876 ; 182 165, 1870 ; J Mercer, 
Chem News, 8. 18, 1863; T. W. Richards and E H Archibald, Proc. Amer . Acad., 38 443, 
1903 ; Zeit anorg Chem , 34. 353, 1903 

58 G P. Baxter, Journ. Amer Ohem Soc , 87. 286, 1915 ; L. M. Dennis and R. W. G. Wyokoff, 
ib , 42 985, 1920 , T. W Richards and E, H Archibald, Proc. Amer . Acad., 38 443, 1903 ; 
H G J Moseley, Phil Mag., (6), 27. 703, 1904 ; M. Siegbahn and E. Fnman, ib., (6), 32 39, 1916 

89 J Dewar and W Dittmar, Chem News, 27. 121, 1873 ; J. Dewar and A Scott, Proc. Roy. 
Soc , 29 490, 1879 , V, Meyer, Ber , 13 391, 1880 , R Rieth, t& , 4. 807, 1871 , W. Ramsay, Journ. 
Chem Soc , 65 521, 1889 ; 0 T. Heyoook and F. H Neville, i5., 61. 895, 1892. 

80 F. W A«ton, Nature, 106 827, 1921 ; 107. 72, 1921. 

81 H J. BL Fenton, Journ. Chem. Soc., 73. 167, 1898. 



478 


INORGANIC and theoretical chemistry 


§ 8. Th© Binary Alloys ol the Alkali Metals 

Puritv is not always a desideratum with the metals since pure metals often 
possess undesirable qualities from an industrial point of view Copper is one 
of the few metals which in its pure state has an important field of usefulness, since 
it is a far better conductor of electricity than the less pure metal. Gold and silver 
used m jewellery, etc., are alloyed with other metals, chiefly copper, in order to 
give them hardness and durability without destroying their appearance. Alloys 
possess the same general physical characters as the elementary metals, but they are 
mixtures, solid soln or mixed crystals, or chemical compounds — eg the brasses 
are alloys of copper and zinc, the steels are alloys of iron and carbon, etc The 
solubility curve of one metal m another can usuallv be represented by a curve 
quite analogous to the solubility curve of a salt m water The sola during 
cooling may congeal to a homogeneous solid, or some of the components may 
separate from the soln., and a polished and etched surface of the cold metal may 
show its heterogeneous character when examined by oblique reflected light under 
the microscope. New alloys of the metals are being constantly investigated, since 
the properties of a metal or alloy may be modified in an extraordinary manner by 
the addition of another metal The subject is of gTeat importance m the industries 1 

It is sometimes very difficult to prove whether two metals unite with one another 
to form chemical compounds, because the isolation of crystals from regulme matters 
by the action of a solvent is only possible when the one is more resistant than the 
other As previously indicated, the existence of maxima on the equilibrium curve 
is valid evidence which is applicable only to the conditions under which the curve 
was obtained If liquid oxygen and hydrogen were mixed together and an equili- 
brium curve obtained, if no other evidence were available, it might be inferred that 
these two elements do not unite chemically. The data with alloys have usually 
been obtained at high temp , and it is probable that many compounds are not 
stable under these conditions ; but the methods of investigation have been extended 
by the prolonged annealing of the alloys at temp, below their fusing points — e g. lead 
and antimony are said to form a compound Pb 2 Sb s at a temp of 245°, nearly 4° 
below the eutectic temp. Similar remarks apply to several other binary mixtures 
— e g tin with lead, bismuth, nickel, zinc, cadmium, or mercury. The evidence is 
mainly based on arrests in the cooling curve of these alloys Many physical pro- 
perties are profoundly modified by the formulae of definite compounds, so that when 
the relations between the variations of a physical property with the composition 
are examined, a discontinuity in the corresponding curve may depend upon the 
appearance of a new phase, or it may mark the limit of the saturation of a solid 
soln. Unlike the density or sp. vol , the electrical and thermal conductivities vary 
continuously within the limits of miscibility of two metals if the number of molecules 
increases or decreases continuously from one limit to the other If a definite com- 
pound is formed in solid soln. with both its components, the corresponding curve 
may show a singular point where the cone of the compound is a maximu m 2 

G. Tammann, in his papers Ueber die Fahigkevt der Elemente mtteinander Verbm- 
dungen zu bildenp has reviewed the results of investigations on a great number of 
binary mixtures of the metallic elements, and he infers ; 

(1) Neighbouring elements belonging to the same natural group do not usually form 
compounds with one another For example, binary compounds of the members of 
the following four groups axe not known : (i) copper, silver, gold ; (ii) zinc, cadmium, 
mercury; (m) germanium, tin, lead; (iv) arsenic, antimony, bismuth In the 
groups : iron, nickel, cobalt, no compound of cobalt with iron or nickel is known, 
but nickel and iron form the compound Ni 2 Ee. Iodine, bromine, and chlorine are 
exceptions in forming binary compounds with one another. 

(2) A given dement forms compounds with dll the members of the same natural 
group or with none. Thus, copper forms no compound with thallium or bismuth ; 
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similar remarks apply to silver and gold Copper forms compounds with zinc, 
oadmium, aluminium, tm, and antimony, and compounds of all these three elements 
with silver and gold are known Copper and tin form a senes of compounds, hut 
no compound of copper and lead is known. Zinc and ca dmi um form no com- 
pounds with bismuth, lead, and aluminium, but they do react with antimony and 
sodium Zinc and cadmium do not unite with tin, hut a compound of tin and 
mercury is known The rule does not hold good when there is a change from the 
non-metalhc to the metallic character m a group of elements, as is exemplified by 
the difference m the combining capacity of antimony and bismuth for other elements 
The rule does not apply to the first two short periods m Mendeleeff’s table — e g 
magnesium forms compounds with zinc, ca dmiu m, and mercury , sodium unites 
with potassium, etc Lead and tm form no compounds with antimony or bismuth. 
Bismuth forms no compounds with aluminium, gold, or silver, but antimony does 
form compounds with each of these elements — e.q AlSb, ZnSb, Zn 3 Sb 2 , AuSbo, 
SbAgg. Copper and silver form no binary compounds with lead, but gold and lead 
form two compounds Neither zmc nor cadmium forms a binary compound with 
thallium, while mercury does form a compound Aluminium combines with zinc 
but not with cadmium , manganese and copper each unites with tm, but not with 
lead Alirmurnim unites with metals of the iron group, but thallium does not. 
Platinum and palladium each gives a compound with lead, but nickel does not 
Allowing for exceptions of this land, the members of a group of elements thus appear 
to be related somewhat like the members of a homologous series of carbon compounds 
Among over a hundred binary compounds of the metals examined, relatively 
few agree with the valencies of the elements as exhibited in their salts — e g. the 
valencies of the elements in NaZn 12 , NaCd 6) NaHg 4 , FeZn 7 , NiZn 7 , AuSb 2) NiCd 6 , 
etc , do not agree with their ordinary values, although the higher compounds of 
iodine with the metals approximate with these binary metal compounds The 
valency of antimony in its compounds with the metals corresponds most closely 
with the valency which that element exhibits m its salts. This is probably con- 
nected with the fact that among the elements considered, antimony is most closely 
related with the metalloids The formulae of the compounds which a metal forms 
with the members of a natural group are not always analogous, and this in spite 
of the many chemical analogies between the members of that group The com- 
pounds of aluminium with copper and silver — AlOug, AlAgg — and with silver and 
gold — AI A g 2 , A1 Au 2 — are analogous, so also are analogies exhibited by the com- 
pounds of tin with copper and silver — Cu 4 Sn, Ag^Sn — and with copper and gold — 
CuSn, AuSn Similar analogies are exhibited by 

Cu a Sb Mg a Sn Mg 3 Sb 2 Zn a Sbj ZnSb SbTl, 

Ag*Sb MgjPb Mg 3 Bi fl Cd 8 Sb, ZnSb BiTl, 

On the other hand, the binary compounds of sodium with zmc, cadmium, and 
mercury, ot with tin and lead, have no such analogies with one another The 
sodium compounds of bismuth and antimony are analogous, but the characteristics 
of these latter elements approximate to those of the metalloids 

The formation of binary compounds is obviously conditioned by the chemical 
affinity of the elements concerned, and, borrowing an old analogy, R Abegg (1906) 
suggested that the union is dete rmin ed by the polarity of electro-affinity of the 
elements, and this acts like the attraction of positive and negative charges of 
electricity. The greater the polar difference of the components, the greater the 
tendency to chemical union, and the greater the stability of the resulting product. 
Elements with a marked difference m polarity are designated heteropolar , and 
elements with a closely related polarity are called Tiomopolar Heteropolar elements 
usually stand some distance apart in the periodic table, and they are exemplified 
by the union of such compounds as KOI, A1 2 0 Sj HgS ; while homopolar elements 
form compounds like the metal alloys and amalgams, and compounds of the metal- 
loids with one another — e q Id Two elements in the same natural group do not 
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generally form compounds because these elements are homopolar, and such com- 
pounds UMially have a feeble electro-affinity — aluminium unites with boron, but nob 
with the higher members of the same family ; similarly* silicon unites with carbon 
but not with the higher members of the same family The greater the heteropolanty 
of a pair of elements, the more likely are they to combine m accord with their 
normal valency, and homopolai pairs under similar conditions are more likely to 
combine in vary mg proportions differing from their normal valency. The phosphides 
of the strongly electropositive elements like the metals of the alkalies or alkaline 
earths have marked heteropolar characteristics, while the phosphides of the weakly 

electropositive elements lake iron and copper 
have marked homopolar characteristics 

A few of the relations of the alkali metals 
with one another have been investigated. 
Potassium with about 30 per cent, of sodium 
forms an alloy which is liquid at ordinary 
temp , and which has the appearance of mer- 
cury. This becomes pasty at 8°, and solidifies 
at a lower temp If the alloy contains 77 per 
cent, of potassium, it remains liquid even 
below 0° The alloys are most conveniently 
prepared by melting together the two metals 
under rock oil. In some cases sodium displaces 
potassium from its combinations — e g accord- 
ing to J A anklyn, when sodium is added to fused potassium acetate, gases 
are rapidly evolved, but the reaction is not completed ; an allov of the two metals 
is formed Gr 'Williams 4 obtained an alloy of the two metals with 76 5 per cent, 
sodium by treating potassium hydroxide under a hydrocarbon oil with sodium at 
a temp, not exceeding 171°. The alloy can be converted into a peroxide, and it 
has been used under the name pneumatogen for the revivification of vitiated air in 
hfe-saving apparatus 

According to E. B Hagen, the alloy with a composition corresponding with 
NaK melts at 4*5° ; and, according to M Rosenfeldt, the alloy with equal weights 

of the two metals melts at 6°. A JoanniB (1887) 
inferred the existence of a compound ~Nk~K~» from his 
observations on the heats of formation of the alloys 
of potassium and sodium. In opposition to this, 
N S Kumakoff and N A Puschin found that the 
mixture corresponding with K 2 Na represented a 
eutectic point at — 12 5° in the f p curve of a 
mixture of the two elements when about 66 atomic 
per cent, of potassium is present Q% van Bleiswyk 
obtained the fp, curve indicated in Fig. 15, and 
this shows that the compound Na 2 K is the only one 
formed under these conditions, and it is liable to 
■irr r j 1 . . dissociation into sodium and liquid at about 6°. 

SiSSVfl'rt forme ^ There » a kl « 6 gap rn the f p. curve of both lithium- 
eodium and littyam-potassium alloys, as indicated for sodram-lithmm alloys m 

■ ccor , ® Massing and G. Tammann, 6 the gap represents an immis- 
ior ^° alI ? y , fP arates «rto two liquids within the proportions 
unseated The addition of 6 3 per rant of sodium to lithium lowers the £p. from 
173 to 162 and further additions do not affect the f.p until about 97 per cent, 
of sodium has been added when further additions lower the f.p. rapidly down to 
that of sodium iteelf, yiz. 97°. The dotted line, ah, Kg. 16, represent the solubility 
of sodium m lithium, and cd the solubility 0 f lithium in sodium; the solu bilities 

f SiT r mentem T™?*™ P robabl 7 ^ the temp, rises! andfS 

a ontioal temp, is ohtamed above which the two elements are miscible in one 
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another in all proportions Lithium and potassium behave similarly, the flat 
terrace in the curve appears at lGd 3 and extends through the series from 7 per cent, 
of potassium to 97 per cent The metal& potassium, rubidium, and caesium appear 
to have little tendency to form alloys with one another The electrical conductivity 
curve of solid alloys of potassium and rubidium at 23° has a flat minimum, and the 
curves for liquid alloys between 50° and 150 c has no minimum The temp coeff 
of the electrical conductivity gave a curve which is nearly flat, but which has no 
minimum. The hardness curve has a marked maximum near the potassium end 
of the series 6 J W Hornbeck found that the temp. coeff of the thermal con- 
ductivity rises with rise of temp Alloys of lithium with sodium, or cresium, or 
rubidium have not been studied Lithium is much more prone to form alloys 
with the metals than is caesium, rubidium, potassium, or sodium, and in this 
respect, lithium resembles magnesium. 
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§ 9. The Hydrides of the Alkali Metals 

J. L. Gay Lussac and L J Thenard 1 referred to the absorption of hydrogen 
by potassium at a red heat, and stated that a grey powder with no metallic lustre 
was formed which did not melt at a red heat, and which was decomposed by con- 
tact with mercury into hydrogen and potassium amalgam , similarly, by contact with 
water. In the latter case, one quarter as much again hydrogen is obtained as the 
contained potassium can furnish on contact with water. The work of J L. Gay 
Lussac and L. J. Th&oard would make potassium hydride, K 4 H In 1808, like 
J Dalton, these two investigators Beem also to have suggested that potassium itself 
“ may be a compound of hydrogen and potash,” but H Davy demonstrated that 
this assumption would not exp lam the facts 

In 1874, P. Hautefeuille and L Troost 2 found that lithium, sodium, and 
potassium absorb hydrogen without changing their metallic appearance, much 
as does palladium These metals can be melted in hydrogen without absorbing 
the gas , with potassium and sodium, absorption begins at about 200°, and attains 
a maximum between 300° and 400°. Potassium absorbs 124*6, and sodium 238, 
times its volume of gas under a press of 760 mm. According to H Moissan, potas- 
sium between 200° and 400° absorbs 126 vols. of hydrogen, and sodium between 
300° and 421°, 237 vols. C. Matignon says that lithium absorbs no hydrogen ; but, 
at 500°, absorbs 17 times its volume of gas under the same conditions P Haute- 
feuille and L. Troost assumed that compounds hfa 2 H and K 2 H were formed , and 
they measured the dissociation press, of the supposed compounds at different 
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The product m each case is a crystalline, brittle, silver-white mass with a metallic 
lustre. 

If lithium, in an iron boat in a hard triads tube, be heated to redness m a stream of 
hydrogen, the metal burns with incandescence, forming a hard mass of lithium hydride. 
A. Guntz obtained a similar product by heating lithium mtride in a stream of hydro- 
gen i and a mixture of lithium hydride and carbide, by heating lithium m a stream of 
acetylene Lithium hydride so prepared is a hard white mass which melts at 680°, 
at which temp, its dissociation pre.-s. is 27 mm The empirical composition corre- 
sponds with the formula LiH. H Moi&san prepared potassium and sodium hydrides 
by heating the metals to about SGO 1 * m a ^mular manner A tangled mass of snow- 
white crystals of the hydride sublimed on the cooler side of the tube According 
to A. Holt, when sodium ts heated in an atm of hydrogen at about 270°, the surface 
is dulled owing to the formation of a thin film of hydride which protects the metal 
from rapid attack , if the temp be raided to 400°, the sodium remains bright and 
the hydride sublimes on to the cooler parts The hydride is formed at 380°, but it 
remains dissolved in the metal. Thus. L Troost and P Hautefeuille found that 
the hydrogen absorbed by a given amount of sodium at 380° corresponds with the 
formula Na 2 H. Hence, as the temp of sodium heated in hydrogen gas at atm. 
press, rises about 270°, more and more of the hydride is dissolved hy the metal ; 
the ratio Na : !NaH decreases ; and the vap press, of the hydride increases until 
at length, in the vicinity of 380°, the hydride begins to sublime At this temp , 
the composition of the solid corresponds with L Troost and P. Hautefemlle’s Na 2 H 
or Ka : NaH The formation of this easily dissociating compound or soln of con- 
stant composition is quite consistent with the sublimation of the hydride NaH. 
C«smm and rubidium hydrides were similarly prepared by keeping the temp, 
below 300° If the hydride contains an excess of the metal, it can be purified 
by washing it with liquid ammonia ; the alkali metal dissolves, the hydride 
remains 

K. Moers says that lithium hydride crystallizes in the cubic system ; and he 
gives 0 8196 for the specific gravity of lithium hydride at about 20°. Sodium 
hydride has a sp. gr. 0 959 when sodium, itself has a sp. gx. 0*970. The mole- 
cular heat is 0*34 at —199° ; 0 67 at —180° ; and 4 09 at 19 7°. P. Gunther also 
measured the mol ht of lithium hydride The value of fiv is 825. According 
to J. Moutier, the heat of formation of the sodium-hydrogen product at 330° 
i3 13 Cals, and of the potassium derivative, 9 3 Cals per gram of hydrogen , 
these magnitudes increase with rise of temp, and attain a maximum value 
between 390° and 400° — afterwards the heats of formation decrease with rise of 
temp It is not clear from P Hautefeuille and L Troost’s record whether they 
were dealing with a solid soln of hydrogen and the metal, or with a chemical com- 
pound. The valency of the elements in these supposed hydrides, K 2 H and Na 2 H, 
also seems peculiar, for the alkali metals seem here to be semi- valent A. Guntz, 
and K. Moers found the heat of formation of lithium hydride to be (Li, iHo) 
=21*6 ±0*250 Cals 

Tjif.htnr^ Sodium Po tassi um Rubidium Oeealum. 

Sp.gr. . . . 0-816 0*92 0 80 2*0 2 7 

Heat of formation . 21*6 16‘60 — — — Cals. 

The hydrides do not conduct electricity, and they cannot be compared with the 
alloys of hydrogen and the metals, but according to K Moers, the electrical 
conductivity at 443° is 2*124 Xl0“ 5 , at 597°, 3*225 X10“ 3 ; at 692°, 0*04049 , and 
at 754°, 1*01 , or the electrical conductivity, Jc 3 at 0°, between 500° and 754° is 
0’265X10^+1 8 X 1O“ 7 (0— 500)2+1-95 X 1 CT 11 (0 -50(3)4 + 0*5 xl0"»i (0-500)8. 
J, Elster and H. Geitel found that the hydrides of sodium, potassium, rubidium, 
and caesium are coloured by exposure to cathode rays. E E. Seiler studied the 
photoelectric effect with the hydrides of sodium, potassium, rubidium md 
caesium. 
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In 1840, V. A. Jaquelain founded a method of separating hydrogen from its 
admixture 'with methane and ethylene on the absorption of hydrogen by potassium ; 
and G Gehlhoif used the absorption of hydrogen by the alkali metals m order to 
obtam the pure gas The alkali hydrides decompose readily in moist air, and 
tumultuously in water. Hydrogen is liberated but without incandescence ; e.g. 
LiH+H20=LiOH+H 2 +31 6 Cals. Analyses of these hydrides are m accord with 
the formulae LiH, NaH, KH, RbH, and CsH, and no other hydndes have been 
observed 

Neither potassium nor sodium hydride dissolves in carbon tetrachloride, turpen- 
tine, ether, or benzene , but both are soluble in the molten metals. The latter 
resembles the products obtained by P Hautefeuille and L Troost, which were there- 
fore solid soln. of the hydride in the metal. When heated m vacuo, a bttle below 
red-heat, the hydrides decompose into the metal and hydrogen, and the metal 
sublimes 0. Ruff gives for the decomposition of sodium hydride a temp, over 
330°, and for potassium hydride a temp over 200° 

W. Nemst has suggested that the hydrogen m lithium hydride plays the part 
of a halogen, and likens the reaction Li0H+H 2 ==H20+LiH with LiOH+HCl 
=H 3 0 +LiC 1 ; he shows similarities between lithium hydride and chloride in their 
crystalline form, at vol , at lit , heat of formation, coloration of ultra-violet 
rays, etc The electrolysis of molten lithium hydride is also analogous with that 
of fused lithium chloride Since lithium hydride is completely hydrolyzed m aq. 
soln , it is assumed that hydrogen acts as a very weak acid. 

The chemical activity of the alkali hydrides is greater, the greater the at wt, 
of the basic element Potassium hydride bums spontaneously m fluorine and 
chlorine, forming halides of the metal and some hydrogen halide. Sodium hydride 
is slowly attacked by dry gaseous chlorine but not by liquid chlorine at —35°, nor does 
it react with bromine m the cold, or at the h p of the halogen ; but it does react 
with incandescence with iodine at 100°. Lithium hydnde is not attacked by cold 
chlorine, but it does so when heated. Potassium hydride also unites in the cold 
with oxygen and air ; sodium hydride inflames at 230° in oxygen ; but is not 
attacked by liquid oxygen ; lithium hydride has no action in the cold, but com- 
bustion occurs when the comp ound is heated. Potassium hydride decomposes 
hydrogen chloride : HC1+KH==KC1+H 2 ; at a gentle heat, „ it forms potassium 
formate with moist carbon dioxide : CQ 2 +KH==H COOK, and some free carbon ; 
with dry carbon dioxide, carbon and the alkali carbonate are formed , and it 
reacts with acetylene at 100°, forming C 2 K 2 .C 2 H 2 and hydrogen 3 ; 2C 2 H 2 H-2KH 
=C 2 H 2 C 2 K 2 +2 Ho 5 though there is nothing to show why both sides of the equation 
should not be divided by two Kubidium, caesium, and sodium hydrides react 
similarly ; the latter with difficulty. With thoroughly dried acetylene no reaction 
occurs below 42°, but if moisture be present, the reaction is vigorous even at —60°. 
There is no reaction at 100° with the hydnde and methane, or with ethylene. 
Potassium hydnde forms potassium hyposulphite with sulphur dioxide : 2S0 2 
+ 2 KH=K 2 S 2 04 +H 2 , at low temp ; and a mixture of sulphate and sulphide at 
higher temp. Sodium hydride reacts vigorously with sulphur vapour, but not 
with hydrogen sulphide J the alkali hydrides are decomposed when gently heated 
with hvdrogen sulphide, and also with many metal oxides Cone, sulphuric acid 
forms sulphur and hydrogen sulphide , it is also vigorously attacked by hydro- 
chloric and nitric acids. Carbon disulphide reacts with caesium hydnde, but 
not with sodium or potassium hydnde at ordinary temp When caesium hydride 
is heated with nitrogen, a csesi umami de is formed ; lithi jm hydride forms lithium 
nitride ; phosphorus acts on caesium hydride like nitrogen does, and when the 
products are treated with water, ammonia is obtained in the one case, phosphine 
in the other. Liquid ammonia has no action, but when heated with gaseous 
ammonia, the alkali amides are formed. Arsenic acts on the hydride only at an 
elevated temp , nor does carbon, boron, or silicon act at temp below the decomposi- 
tion point of the hydnde. K. Moers represented the reaction with mercury by 
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LiH+Hc—LiHg-rlHs The hydrides are strong reducing agents— the oxides of 
lead, copper, etc , are reduced to the metallic state Lithium hydride slowly 
decomposes absolute alcohol, forming the alcoholate and hydrogen , the hvdrated 
alcohol is vigorously decomposed The alkali hydrides are insoluble m ether and 
benzene. 

If hj drogen is passed over lieated potassium, the rising gas spontaneously inflames m 
air, and forms a cloud which has alkaline properties if the gas be cooled, it loses its spon- 
taneous inflarnmabilitv L Sementmi 4 obtained a spontaneously inflammable gas in pre- 
paring potassium bv the action of lion on potassium hydroxide at a high temp He called 
this gas a term eq to Laliurcttcd Jtydtogen According to J J Berzelius and C Brunner, it 
deposits finely divided potassium on cookncr. The so called kahuretted hydrogen is probably 
a mixture of finely divided potassium or potassium hydride, IvH, and hydrogen, and not 
a gaseous potassium hydride. 
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§ 10. The Oxides of the Alkali Metals 

Three years after the discovery of the alkali metals, and eight years before 
L J Thenard discovered Veau oxygenee , the products of their oxidation were investi- 
gated by J L Gay Lussac and L J. Th&nard, and by H Davy It now seems 
remarkable that J. L. Gay Lussac and L J Th6nard did not discover hydrogen per- 
oxide by the action of water on the oxidation products of the alkali metals, but they 
assumed that water acts on these oxides giving soda or potash with the evolution of 
oxygen. Only small quantities of the metals were used m the experiments and 
the oxidation proceeded at the high temp produced when the metals were burned. 
Both sets of investigations failed to establish the nature of the alkali oxides 

The three metals caesium, rubidium, and potassium are oxidized m the cold 
in moderately well-dried air. C cesium inflames imm ediately on contact with air or 
oxygen. A part of the oxide is volatilized as a yellow sublimate, and the brown or 
yellow mass which remains, gives off oxygen on contact with water Thus shows 
that a peroxide has been formed. The spontaneous ignition of csBsrum makes its 
manipulation difficult ; rubidium, also, is very liable to spontaneous inflammation 
in air ; but potassium rarely inflames on exposure to air. Sodium inflames only at 
an elevated temp , and it forms the two oxides, Na 2 0 and Na 2 0 2 Lithium is not 
attacked at ordinary temp, in dry air or in dry oxygen ; but it combines with 
incandescence with oxygen above 200°, longing the monoxide, Li 2 0, and a trace 
of the dioxide, Li 2 0 2 . Potassium and sodium can be distilled in thoroughly dried 
oxygen without oxidation. E Rengade 1 could not dry oxygen well enough to 
prevent the spontaneous inflammation of caesium, but, below —80°, the action is 
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almost insensible, although the surface of the metal shows signs of oxidation after 
a few minutes exposure. 

If the press of the oxygen is less than 1 cm of mercury the metal melts and assumes a 
brown colour without losing its metallic lustre ; it then chances to a reddish-brown colour, 
and the temp gradually rises A him then begins to develop about the edges of the metal ; 
this film partly dissolves but ultimately covers the whole surface with a black crust and 
the absorption of oxygen then ceases When this solid is heated, it melts to a brown liquid, 
v hich absorbs oxygen, and again becomes solid It is therefore assumed that four oxides 
of caesium are here m evidence 

The authentic oxides of the five alkali metals are : 


Lithium. Sodium Potassium. Euhldium. Casaium. 

Monoxides . . Li a O Na a O K a O Rb a O Cs a O 

Dioxides . . , Li a O a Na 2 0 2 K a O a Rb 3 0 2 Cs 2 0 # 

Tnoxides - — {Na a 0 3 ) (K 2 0 3 ) — (Cs a 0 3 ) 

Tetroxides ... — — K 9 Q 4 Rb a 0 4 Cs s 0 4 


The sesquioxides may be solid soln or mixtures of two other oxides — say, R 2 0 2 
and ^2^4* 

The alkali monoxides. — H Davy 2 believed that he had prepared the monoxides 
of potassium and sodium by treating the hydroxides with the metal ; “ there is,” 
he said, “ a division of the oxygen between the alkali and the metal/’ the oxides 
were also made by heating the metals in a stream of oxygen ; but, according to 
N. N. Beketoff, the monoxides are not formed under these conditions, and he claims 
that Davy’s reaction K0H+K=K 2 0+H, is reversible, and the product is 
impure 

H Davy, and J. L Gay Lussac and L JT. Th£nard in their early work on sodium and 
potassium, observed that each peroxide is transformed into the corresponding monoxide at a 
high temp. The product, however, is still contaminated with the peroxide. The same oxide 
is obtamed m an impure form by calcining the nitrate or nitrite 3 in the absence of air — 
e.g. SK+KNOs^SKaO+N, and 6K4-2EZNfO a =4Kj04-N 2 ; the impure oxide is also formed 
by heating metallic sodium with nitrate or nitrite, or with barium nitrite or nitrate, or 
with manganese dioxide 4 

A. V. Harcourt 5 showed that the monoxide is not obtained by calcining the 
peroxide in a silver dish, but rather a mixture of the monoxide with silver oxide 
or possibly a compound, KAg0 2 N. N* BeketofE claimed 6 to have made rubidium 
monoxide by heating the metal m air and subsequently reducing the mixture of 
oxides bo formed by heating it with the metal in an atm. of nitrogen. H. Erdmann 
and P, Kothner (1897) believed that rubidium monoxide did not exist. W. Holt 
and W E Suns 7 have also shown that the oxide formed by heating potassium 
in the theoretical amount of dry air always contains the metal, and presumably 
also some higher oxide 

.T J Berzelius stated 8 that potassium monoxide, which he called Wasserfretes Kah , 
can be obtained only by the combustion of the metal m the right amount of oxygen necessary 
for the formation of the oxide , if the metal be heated in a limited supply of air which 
does not contain enough oxygen for the formation of the Wasserfretes Kali, Berzelius 
also said that a grey potassium sut oxide is formed corresponding with the formula K 4 0 — 
present notation He says the same suboxide is formed by heating one part of the metal 
with 1 2 partB of the hydroxide to a temp not exceeding 300° S. Lupton 8 tned to verify 
this observation, but he failed to confirm the existence of the suboxide since his product 
was merely a mixture of the metal and the hydroxide W Holt and W E Sims also 
failed The product is either a solid soln of the metal and the oxide, or else a mixture of 
the two Similar remarks apply to the sub oxide of sodium, Na 4 0, and probably also to 
R de Forcrand’s suboxide, 10 hTa s O, which he claims to have formed by heating sodium a 
little over its m.p. m air free from carbon dioxide. It appears as a grey porous surface 
crust, which on exposure to air gradually becomes white by further oxidation It reacts 
violently with water, giving off hydrogen. Heat of soln 97 '78 Cals . heat of formation, 
Na t O, 38 8 Cals E Rengade 11 found that the fusion ourve of soln. of csBQium monoxide 
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in moral showed maxima corresponding with the existence of four CEesium sail oxides, 

viz Cs-O, C^ 4 O t Cs O* and Cs 3 0. These formulae do not accord with the urn valency of 
caesium 

In making the oxides of the alkali metals by the direct action of oxygen, the 
temp rises so hitrh that the containing vessel is attacked, and the oxygen must 
accordingly be diluted with an inert gas, or rarefied m order to lessen the violence 
of the reaction. Gmehn recommended burning the metal m nitrons oxide, N 2 0, 
mtnc oxide, NO, or nitrogen peroxide, NOo, and he claimed the product was then 
the alkali monoxide. \Y Holt and AY E. Sims, however, found that with nitrons 
oxide, potassium and sodium furnished, not the monoxide, but an oxide or mixture 
of oxides approximating HO or R 3 0 2 , and that if nitric oxide or nitrogen peroxide 
be employed, a mixture of varying proportions of the nitrite and nitrate are formed, 
but not the oxide When lithium is directly oxidized by an excess of oxygen, 
lithium monoxide, Li 2 0, and a trace of lithium peroxide is formed , with sodium, 
the dioxide, Na^C^, is produced ; and with potassium, rubidium, and caesium, the 
oxides R0 2 and E 2 0 4 result. 

It is very difficult to prepare the monoxides by the action of oxygen on the 
heated metals because the product is really a mixture of the unconverted metal and 
of the monoxide along with one or more of the higher oxides E Rengade, 12 
however, m his Conti ibution a V etude des oxydes anliydres des metaux alcahns (1907), 
has shown that the monoxides of potassium, sodium, rubidium, and CEesium may 
be prepared by oxidizing the alkali metals with less than the theoretical amount of 
oxygen. The oxygen it> admitted very slowly and the press kept below 2 cm 
of mercury so as to avoid a rise of temp, which would result in the formation of 
higher oxides. The monoxide dissolves m the excess of metal which is then dis- 
tilled off in vacuo. The residual oxide remains m the form of small crystals. 

L. Troost 13 prepared lithium monoxide by burning the metal m "an iron boat 
in a stream of dry oxygen The product is contaminated with a little peroxide 
which imparts a yellow tinge to the metal , L Troost made the same oxide by 
heating a mixture of lithium carbonate and carbon to a high temp , and also by 
heating lithium nitrate for a long time in a silver crucible W. Dittmar made this 
oxide by heating the carbonate m a stream of hydrogen for about 36 hrs. at a red 
heat , aud by heating the hydroxide to a red heat 

The properties of the alkali monoxides. — The monoxides of the alkali metals 
have the following properties : 



Lithium. 

Sodium 

Potassium 

Bubidmm. 

Cfosium 

Colour . • • 

. White 

White 

White 

Golden -yellow 

Orange red 

Sp.gr. (0°) . . . 

. 1 80 

2 25 

2 31 

3 72 

4 36 

Heat of formation , 

. 1412 

89*96 

92 08 

94 90 

99 98 Cals 

Heat of hydration • 

. 31 20 

56 60 

75 00 

80 00 

83 2 „ 


The heats of formation correspond with the reaction • 2K+0=K 2 0 , and the 
heats of soln. with K 2 O 6O i ld +H 2 0uq T j ld ==2E0H so u ( i 3 all the oxides with water 
give the alkali hydroxide, but no hydrogen They are soluble in alcohol 14 

Orange-red caesium monoxide changes to carmine-red, and purple as the temp 
is raised ; it appears black at 150°. The colour changes are reversed on cooling. 
At the temp of liquid oxygen, — 180°, the colour becomes pale yellow. Caesium 
monoxide is volatile in vacuo at about 250°, and it melts with decomposition between 
360° and 400° ; it then forms the dioxide and the vapour of the metal . 2 CS 2 O 
~Cs fi 0 2 -t-2Cs. This reaction shows that the monoxide is rather unstable and has 
a tendency to decompose into a mixture of the metal and a higher oxide The 
yellow colour of rubidium monoxide also becomes deeper m tone with a rise of 
temp. ; at 200° It has a golden colour Rubidium monoxide breaks down into the 
dioxide and rubidium vapour at 400°. Caesium monoxide can dissolve or absorb 
the vapour of the metal, and the monoxide dissolves in the molten metal. Csesium 
monoxide commences to absorb hydrogen at 160°, forming the hydride , the 
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^action : Cs 2 0+H 2 =Cs0H+CsH, is rapid at 170°-1S0°, and bo metal is sublimed. 
According to N N Beketoff, 15 sodium monoxide is formed by heating sodium with 
the hydroxide, but the monoxide is decomposed by hydrogen, so that the reaction : 
2 Na 2 0 +H 2 T^ 2 Na 0 H+ 2 Na, is reversible Ca^ium monoxide is completely 
reduced by hydrogen at ordinary temp According to IS Rengade, 16 fluorine 
has no appreciable action on caesium monoxide m the cold, but when heated to 
150° or 200°, the mass becomes incandescent, and a blue flame appears , chlorine 
and iodine act m a similar way. Oxygen scarcely affects the monoxide m the cold, 
out at 150°, absorption begins, and the peroxide, Cs 2 0 4 , is formed. Molten sulphur 
in vacuo reacts vigorously, forming a sulphide or polpulphide and a sulphate : 
4 Cs 2 0+4S=Cs 2S0 4 +3C&S Heated with phosphorus, a phosphide and phosphate 
are formed- Neither amorphous boron nor sugar charcoal reacts below the temp, 
at which the monoxide i3 decomposed Hydrogen sulphide forms a hydrosulphide 
with incandescence at ordinary temp Sulphur dioxide bleaches the oxide at 
ordinary temp , and when heated, the reaction is attended by incandescence, and when 
the resultmg white mass is dissolved m water a sulphide and a sulphate are formed 
Liquid ammonia acquires a fugitive blue colour and forms a white residue of ca^ium 
amide • Cs 2 0+NH3=C&NH 2 +Cs0H , it is thought that the fugitive blue colora- 
tion is evidenoe of an intermediate reaction . 2Cs 2 0+2NH3==C3 2 02+2CsNH3, 
and the products then break down : Cs 2 0 2 +2 CsNH 3 — 2 CsOH + 2 C 3 NH 2 • Moist 
carbon dioxide attacks caesium oxide with inflammation at ordinary temp , and the 
dry ga<* acts at about 250° or 300°. Incandescence also occurs m the presence of 
carbon monoxide. With sodium monoxide, carbon dioxide forms the carbonate 
at 400° , with carbon monoxide at 290°-310°, the reaction 2Na 2 0+00=Na 2 00 3 
+2Na occurs , and at 320° a black compound of carbon monoxide and Bodiam 
begins to be formed 17 The chemical properties of rubidium monoxide closely 
resemble those of the cjnsium compound Potassium monoxide with dil. hydro- 
cyanic acid 18 evolves 60 Cals, per mol , K 2 0 , hydxosulphuno acid gives 154 Cals. ; 
carbonic acid, 220 Cals , and bone acid (B 2 0 s ), 200 Cals According to P Lebeau, 19 
lithium monoxide forms lsomorphous mixtures with lime. According to L Troost, 
and to W Dittmar, lithium monoxide does not attack platinum at a white heat if 
air be excluded 

The higher alkali oxides. — J. L Gay Lussac and L J, ThAnard’s 20 measurements 
of the amount of oxygen which united with a given weight of potassium burning in 
oxygen showed that “ potassium combines with twice or even three times as much 
oxide as it requires to pass into the state of potash, 59 1 e. potassium monoxide ; 
they further showed that “ no volatile product is formed during the oxidation/ 5 
since “ the weight of the oxide obtained is always equal to that of the potassium 
employed and of the oxygen absorbed/ 5 With respect to the oxidation of sodium, 
also, it was found that “ the metal can take up half as much oxygen again as it 
requires to pass mto the state of sodium monoxide, or even more ; ” while with 
potassium, the weight of oxide formed agrees with the supposition that the body is 
a tnoxide, K 2 0 3 J. L. Gay Lussac and L J. Th6nard, however, did not regard 
their experiments as decisive, and while confirming this work, H. Davy stated that 
he did not find “any means of ascertaining accurately the quantity of oxygen 
contained m these new oxides. 55 C F. Schonbem also prepared these oxides by 
the combustion of the metals in air or oxygen , he called these oxides antozon\des y 
and accordingly inferred that they should not give off oxygen in contact with water. 
He ascribed the evolution of oxygen which actually occurs to the rise of temp., 
and found that if the water is kept cold “ a liquid is obtained which decolorizes 
potassium permanganate sain. . . ./* and attributed the observed results to the 
presence of hydrogen peroxide in the soln. 

A V. Harcourt 21 found that while the tetroxide, K 2 0 4 , is the end-product of 
the oxidation of potassium, the dioxide, Na 2 0 2 > is the end-product of the oxidation 
of sodium A. V Harcourt was unable to prepare an intermediate oxide, K 2 O s , 
of definite composition. He noticed that the oxidation occurs m two stages when 
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a mix ture of nitrogen with gradually increasing amount of oxygen is admitted to 
molten potassium at about 100°. He says . 

The grey film covering the metal changes to a deep blue, the surface appears to become 
roughened by little wrinkles and project ’ons, and a moment arrives when a single spluttering 
spark appears at one point, and a dust of white oxide rises At this instant, the absorption 
of oxygen begins . . . th© blue crust becomes white. Immediately afterwards it dis- 
appears entirely beneath the surface of the liquid metal, whose smooth surface is soon 
broken b$ innumerable proiections which ascend and ramify with a steady, visible growth, 
having the white lustre of frosted silver At the same time the metal climbs rapidly up 
the surface of the gla^s . by capillary attraction through the bulky powder and extends 
in broad foliations, which grow together from side to side, and sometimes cover the whole 
interior of the bulb Gradually, as the oxidation proceeds, the inner surface of the bulb 
changes to a dead white, and the brilliant undergrowth crumbles down to a shapeless 
powder. - . Before all the dark metal foliations have quite disappeared some portions 
of the oxide begin to acquire a yellow colour, and the yellow colour gradually spreads 
throughout the mass as the press of the oxygen is increased. The white oxide is potassium 
dioxide ; the yellow oxide, potassium tetroxide The phenomena with sodium at about 
200° are far less striking, and the metal does not spread itself on the glass. Only the 
dioxide is formed 


S Lupton showed that the dioxide, K 2 0 2 , is formed by the continued action of 
dry air or oxygen on potassium, and he described the complex oxides, K 8 0 6 , 

K^Os, as mixtures or aggregates of the di- and mono-oxide — K 2 0 2 and K 2 0 — m 
varying proportions, but he did not show how the mono- or di-oxide could be 
obtained W Holt and W. E Sims prepared the di-, tn-, and tetra-oxides of 
potassium — KoOg, K 2 0 s , and K 2 0 4 A. Joanms also obtained the same three 
compounds by the oxidation of p ot assammomum under different conditions ; and 
he also made sodium di- and tn- oxide by the oxidation of sodamm.onium with 
oxygen 

N. N. Beketofi 22 prepared rubidium mono- and tetra-oxide in 1889 , H Erdmann 
and P. Kothnei considered that the tetroxide of rubidium is the only definite 
rubidium oxide whose existence has been demonstrated, but E Bengade (1907) 
succeeded m preparing all four oxides, Bb 2 0, Rb 2 0 2 , Bb 2 0 3 , and B,b 2 0 4 . E. Ben- 
gade also made the corresponding four caesium oxides There is little to show that 
the so-called trioxides are not mixtures of the di- and tetra-oxides. 

L. J Tbenard (1827) did not prepare lithium peroxide ; he merely “ assumed, 
hy analogy with baryta, soda, and potash, that heating lithium in oxygen would 
furnish the peroxide/’ Traces of lithium dioxide, Li 2 0 2 , mixed with much monoxide 
were obtained by L Troost, 23 m 1856, by burning the metal m oxygen , and the 
pure compound was prepared by B de Forcrand, in 1900, by the action of hydrogen 
on an aq soln of hthia The resulting crystals have the composition of tnhydrated 
li t hium dioxide dihydroperoxide, Li 2 0 2 H 2 0 2 .3H 2 0, and when left about 8 days in 
vacuo over phosphorus pent oxide, the anhydrous dioxide Li 2 0 2 remains. In general, 
the tendency of the alkali metals to peroxidation is greater the greater the at. wt. 
of the element. 

The al k al i dioxides or peroxides. — As just indicated, lithium forms only traces 
of the dioxide, Li 2 0 2 > when heated in oxygen, and the dioxide has to be prepared 
indirectly by treating lithium hydroxide with hydrogen peroxide, and drying the 
product in vacuo over a desiccating agent. The combustion of sodium m an excess 
of dried air or oxygen furnishes sodium dioxide. The metal is contained in glass, 
aluminium, silver, or platinum vessels which are rather more attacked than when 
potassium is^ employed, H Y. Castner 24 used an aluminium vessel, and a stream 
of air in which the proportion of oxygen was gradually increased The peroxide 
containing about 93 per cent. Na 2 0 2 , is made on a manufacturing scale by placmg 
Bodium on aluminium trays supported on carriages continuously travelling through 
a tunnel kiln heated to about 300°, and through which a stream of air — freed fiom 
moisture and carbon dioxide — also passes. The trays are charged at one end of 
the lain, and emptied at the opposite end. 
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Sodium dioxide is obtained in an impure form, but suitable for many industrial pur 
poses by beating to redness a mixture of lime or magnesia with sodium nitrate m a stream 
of air or oxygen H C Bolton made the peroxide by ad ding small pieces of sodium to 
a mixture of sodium nitrate and sodium hydroxide heated to nearly its m p The reddish- 
brown liquid loses its colour on cooling The nitrate is reduced to amm onia by the sodium : 
NaNO a +3NaOH4“2!N’a— 3Xa a O fl -{-NTE3 B C Brodie also made the peroxide by heating 
a sodium salt with barium peroxide 23 If molten sodium hydroxide be exposed to oxygen, 
under press., some sodium peroxide is formed 

The formation of potassium dioxide by direct oxidation has been previously 
indicated W. Holt and E Puns 26 made a substance with the same com- 
position as potassium dioxide, K 2 0 2 , by heat mg the metal m a quantity of nitrous 
oxide insufficient for complete oxidation A Joannis obtamed this same oxide as 
a rose-coloured gelatinous precipitate, by passing a slow current of oxygen through 
a soln. of potassium in liquid ammonia cooled to —50° , the current is continued 
until the soln is decolorized E. Rengade 27 made ccesium dioxide, Cs 2 0o, by 
gradually allowing the theoretical amount of oxygen to enter an evacuated glass 
vessel holding an aluminium boat containing a known weight of caesium metal. 
The temp, was rapidly raised. The fused mass attacks glass, nickel, silver, platinum, 
etc. Aluminium is the most resistant of all the metals tried. 

Sodium dioxide is an important commercial product ; the other alkali peroxides 
are more of the character of chemical curiosities According to J. Scott, 28 sodium 
dioxide has a micro-crystalline structure Some of the properties of the dioxide 
are tabulated m the following scheme : 

Lithium Sodium. Potassium Kubldmm Ctesium. 

Colour . . ♦ . White White White Yellowish- white Pale yellow 

Sp gr . . — — — 3 72 (0°) 4*47 (15°) 

Heat of formation, R fl O a . 1448 119 8 — — — Cals 

The heats of transformation of the monoxides to the dioxides increases regularly 
with increasing at. wfc. The dioxides are soluble m water Sodium dioxide dis- 
solves in water without decomposition if a rise of temp, be prevented. 2 . 9 The 
heat of soln of lithmm dioxide, Li 2 0 2 , is 7 19 Cals, at 20° , and of sodium dioxide, 
Na 2 0 2 , 14’41 Cals If only a small quantity of water is used, the dioxide decom- 
poses into the hydroxide and oxygen Some hydrates have been prepared. For 
instance, A Y Harcourt 80 prepared octohydrated sodium dioxide, Ha 2 0 2 8H s O, 
by concentrating an aq soln of the dioxide, but, according to R de Eorcrand, it 
is best prepared by cooling, at 0°, a soln of the dioxide in four times its weight of 
water Gr. F. Jaubert made it by exposing sodium dioxide for about two weeks to 
an atm sat with water vapour, but free from carbon dioxide. T. Fairley made the 
hydrate by the action of hydrogen peroxide on an a q. soln of the hydroxide in excess, 
and evaporation in vacuo, and the precipitation of the hydrate by the addition of 
alcohol to the aq soln. The hydrate furnishes large tabular crystals of hexagonal 
form. The heat of formation : Na 2 0 2 +8H 2 0==Na 2 0 2 .8H 2 0-|-34: 08 Cals, The 
hydrate is scarcely altered by keeping it for a week at a winter's temp. ; it melts 
at 30° in its own water of crystallization, with a brisk evolution of oxygen Accord- 
ing to A Y Harcourt, if the octohydrate is allowed to stand over cone sulphuric 
acid, it continues to lose water for about nine days ; the weighings then become 
constant The composition approximated with sodium dioxide dihydrate, 
Na 2 0 2 .2H 2 0 The hydrate forms sodium percarbonate, Na 2 C0 4 8H 2 0, when 
treated with solid or liquid carbon dioxide, and with an excess of carbon dioxide 
the add sodium percarbonate, 4Na 2 C0 4 H 2 C0 3 . 

According to E. SchOne, if a soln, of one eq. of sodium hydroxide with 3 5 to 4 eq. of 
hydrogen peroxide be evaporated in vacuo — preferably in darkness — small colourless 
crystals are formed, with a composition approximating to tetrahy drated sodium dioxide 
dmydroperoxide, Na a O a 2H 1 0 a .4H 1 0 The crystals soon become opaque They are very 
soluble m water, sparingly soluble m alcohol. The compound begins to decompose at 62 s , 
with the evolution of oxygen. The crystals gradually decompose on keeping. If sodium 
dioxide be suspended in carbon tetrachloride and treated with hydrogen chloride, a colourless 
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compound — sodium dioxide dihydro chlonde, Na a O*2HCI — is formed This decomposes 
when treated ^ith water, forming a mixed soln of hydrogen peroxide and sodium chlonde 
Other mol compounds have been prepared by G F Jaubert — Na 2 0 2 2H.COOH ; 
Na a 0 3 2C c H 8 COOH, etc For the coire3pondmg tnhydrated lithium dioxide hydro- 
peroxide, LuO- H s O* 3H a O, vide supra. 

Sodium peroxide is a white powder which becomes darker and darker when 
heated, and as in the analogous phenomena with the oxides of zinc and tm, the 
white colour is restored on cooling Sodium peroxide can be heated to its mp. 
without decomposition It is hydrated by exposure to moist air free from carbon 
dioxide, but, in the presence of the latter gas, sodium carbonate is formed. Sodium 
peroxide is an energetic oxidizing agent, and the aq soln behaves as if it were an 
alkaline soln of hydrogen peroxide (q v.) Fused sodium peroxide attacks most 
metals — tm, silver, platinum, etc C Zenghehs and S Horsch 31 found that the 
xeaction with carbon dioxide • C0 2 +Na 2 0 2 =Na 2 C0 8 +0 +55,225 cals., is more 
vigorous than with carbon monoxide : CO+Na2O 2 =Na 2 CO 3 +123,330 cals., in 
spite of the greater thermal value of the latter reaction It is believed that endo- 
thermic pexcarbonate is first formed with carbon dioxide, Na 2 C 2 O 0 , and that this 
at once decomposes Na 2 C 2 O 0 ==NanCO 3 -i-CO 2 -i-O When a current of carbon 
dioxide is passed over a mixture of sodium dioxide with a readily oxidizable sub- 
stance, including aluminium and magnesium, the reaction occurs explosively with 
iron the metal forms Na 2 FeO* without explosion ; with zinc and copper a preliminary 
heating is required. A mixture of powdered aluminium and sodium dioxide 
explodes when heated to redness, or exposed to humid air. The silicates and many 
native oxides which are not readily attacked by fused sodium carbonate are decom- 
posed by fused sodium peroxide Hence, it is sometimes used for decomposing 
these substances prior to analysis The fusion is usually conducted m nickel 
crucibles — gold and silver have been used. Platinum is rapidly attacked by the 
fused oxide, while the other metals just mentioned are not attacked so quickly 
Sodium dioxide does not explode by collision, by shock, or by heating , but, when 
mixed with oxidizable substances, explosive mixtures may be formed Many 
carbon compounds are rapidly oxidized by sodium dioxide A mixture of calcium 
carbide and sodium peroxide is explosive. 

Commercial sodium dioxide contains about 90 to 92 per cent, of the dioxide, 
or 19 to 20 per cent of active oxygen The powder usually has a yellow tmt owing 
to impurities — sodium hydroxide, and carbonate, alumina, and traces of iron The 
latter is bad, since it makes the peroxide liable to catalytic decomposition when 
moist. Sodium dioxide is the active agent m several commercial products A mixture 
with a neutral salt — say, magnesium chloride or sulphate — is used for bleaching , 82 
disinfection, and other oxidizing purposes The powdered product is very sensitive to 
air, and accordingly G. F Jaubert 83 proposes to compress it into cubes , D E Parker 
fuses and casts it into briquettes or cubes, when its trade name is oxone ; oxone is 
used for making oxygen. A compressed mixture of sodium dioxide and chlonde 
of lime is G. F. Jauhert’s oxolith , also used for making oxygen. Various other 
mixtures are sold for bleaching and other purposes under various trade names. 

There is the same difficulty about the constitutional formulae for the alkali 
peroxides or dioxides as occurs with hydrogen peroxide ; and it is convenient to 
regard these compounds as denvatives or Balts of hydrogen peroxide, H 2 0 2 , which 
is regarded as a dibasic acid. In sodium dioxide both hydrogen atoms are dis- 
placed by sodium, hut J. Tafel 84 has prepared derivatives with only one hydrogen 
atom displaced from the mol , viz, Na0 2 H or NaO OH, sodyl or natryl hydroxide ; 
or sodium hydrogen peroxide, and constituted, accordmg to J Tafel, Na— O — OH, 

HO NaO NaO 

HO HO NaO 

HyUrogen peroxide Sodium hydrogen peroxide Sodium peroxide. 

Sodium hydrogen dioxide remains as a white powder on shaking pulverulent 
sodium dioxide with an ice-cold mixture of alcohol and cone, hydrochloric, nitric. 
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ot sulphuric acid ; or with absolute alcohol alone . Na 2 0 2 +C 2 H50H=>ra0 2 H 
+C 2 H 5 ONa, if an acid be also present, the sodium alcohokte forms alcohol and a 
salt of the corresponding acid Sodium hydrogen peroxide is soluble in water 
at 0° and has a smaller heat of soln than sodium dioxide The aq soln. is strongly 
alkaline, and when warmed, decomposes into sodium hydroxide and oxygen ; if 
the dry salt is warmed, it is liable to decompose explosively According to 
H T. Calverts measurements of the electrical conductivities of soln. of sodium 
hydroxide and hydrogen peroxide, a relatively large proportion of sodium peroxide, 
in aq soln , is hydrolyzed. If an excels of hydrogen peroxide be present, the hydro- 
lysis can be restricted He demonstrated the presence of anions Oo' , and of the 
anions O2" in soln where the hydrogen peroxide is in excess and in a strongly alkaline 
soln of hydrogen peroxide, the ions are Na and 0 2 y/ . 

Sodium hydrogen peroxide decomposes slowly at ordinary temp "When treated 
with dll. alcohol, Na 2 0 2 8H 2 0 is formed , if the aq soln. be neutralized with hydro- 
chloric acid, chlorine is evolved on heating , and with sulphuric acid, at ordinary 
temp , a liquid is obtained which reduces potassium permanganate with the evolu- 
tions of oxygen Alcoholic hydrochloric acid at — 5° furnishes a compound con- 
taining NaCl Na0 2 H, at higher temp sodium chloride and hydrogen peroxide 
are formed With acetio acid, in alcoholic soln , 2GH 3 COONa H2O03 is formed. 
Aq soln of this salt are neutral Sodium hydrogen peroxide is converted into 
sodium carbonate, water, and oxygen by the action of dry carbon dioxide and an 
unstable percarbonate is formed by the action of the same gas on the aq soln. at 
low temp. 86 When sodium hydrogen peroxide is treated with absolute alcohol 
or hydrogen peroxide the product 2Na0 2 H H 2 0 2 is formed, 36 and the same sub- 
stance is obtained by the action of sodium alcoholate (ethoxide), C 2 H 5 ONa, on a 
mixture of 30 per cent hydrogen peroxide with absolute alcohol , and also by the 
action of an ethereal soln of anhydrous — 100 per cent — hydrogen peroxide on 
metallic sodium E Horton measured the electrical conductivity of the solid oxide. 

The trioxides of the alkali metals. — According to E. Rengade, rubidium or 
caesium tnoxide is formed as a chocolate brown or black mass by gradually intro- 
ducing the theoretical amount of oxygen into an evacuated vessel containing the 
metal m an aluminium boat , and afterwards raising the temp to the fusion point 
of the mixture Rubidium tnoxide fuses at about 470°, and caesium tnoxide at 
about 400° ; the former has a sp. gx 3 53 (0°), and the latter 4 25 (0°) These oxides 
are decomposed by treatment with water, fomung hydrogen peroxide, oxygen, and 
the alkali hydroxide E. Rengade 37 says that rubidium tnoxide, and hence also 
caesium tnoxide, is not likely to be a mixture of the di- and tetra-oxides because it 
appeals as a black mass during the progressive oxidation of the metal, after the 
formation of the yellowish-white rubidium dioxide, and before the yellow tetroxide 
appears. W. Holt and W. E Sims obtained potassium trioxide as a pale reddish- 
yellow solid by heating potassium in an excess of nitrous oxide ; and R. de Eoicrand, 
by heating the tetroxide in vacuo at 480°. A Joarnns obtained potassium trioxide 
by stopping the action of a slow current of oxygen on a soln of potassammonium 
in liquid ammonia at — 50°, at the moment when the brick-red precipitate has the 
deepest colour ; by the prolonged action of oxygen on a soln. of sodammonium in 
liquid ammonia at —50°, A Joanms likewise obtained a rose-coloured precipitate, 
of sodium trioxide, Na 2 0 3 If the current of oxygen is rapid, the precipitate, at 
the moment the soln is decolorized, has the composition NH 3 Na 2 Q, or NH 2 Na 2 0H. 
In aq. soln , sodium tnoxide furnishes oxygen gas and A. V. Harcourt's octohydrated 
dioxide According to R. de Eorcrand, the heats of formation of the four alkali 
trioxides starting from their elements are sensibly the same, and equal to 126 CaJs. 

The tetroxides of the alkali metals. — The highest oxide formed by lithium is 
the dioxide, and with sodium the trioxide , potassium, rubidium, and caesium form 
tetroxides. A. V, Harcourt 38 Bhowed that the indications of the higher oxides of 
potassium observed by J. *L. Gay Lussac and L J Thfenard, and by H. Pavy, 
about 1810, probably represented the formation of potassium tetToxide The 
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methods u&ed for the preparation of sodmm dioxide furnish potassium tetroxide 
if applied to potassium A V Hareourt heated the metal to about 180° in an 
atm. of nitrogen, and gradually displaced this gas by air or oxygen. All traces of 
moisture were rigoxously excluded Potassium, rubidium, and ccesium tetroxides 
are the ultimate products of the oxidation of the corresponding metals m an excess 
of oxvgen or air. The metal is best contained m an aluminium boat during the 
reaction ; the product fused , and was allowed to cool m oxygen at ordinary press. 

H C Bolton mad© potassium tetroxide by melting potassium with potassium nitrate ; 
E de Haen by heating a mixture of potassium nitrate with lime or magnesia, and afterwards 
m a current of air or oxj gen between 300° and 30U 0 ; and A Joanms obtained it as a chrome- 
yellow precipitate by the prolonged action of ox^en on a soln of potassammonium m 
ammonia at — 50 s . The orange-yellow product obtained by A von Baeyer and 
V Viliiger by the action of ozone on dry potassium hydroxide is probably potassium 
tetroxide 

The tetroxide of potassium is often called potassium peroxide, while sodium 
peroxide is the dioxide The potassium compound is orange-yellow, the rubidium 
and CE&srum compounds are yellow with a faint red tinge The specific gravities 
of rubidium and csesium tetroxides aie respectively 3 00 and 3 68 (0°) , and the 
respective melting points are approximately 280°, 600°, and about 515° m an atm 
of oxygen. Rubidium tetroxide gives off oxygen readily at about 500°, and if kept 
at 550° in a vessel m communication with the mercury pump, it forms the black 
trioxide , caesium tetroxide loses oxygen at about 350° The heat ol formation 30 
of potassium tetroxide from its elements is 133 74 Cals ; of rubidium tetroxide, 
137*6 Cals. ; and caesium tetroxide, 141 46 Cals ; the heats of formation of the 
tetroxides from their monoxides are respectively 46 94, 54 1, and 58 76 Cals The 
tetroxides absorb moisture from the air, and on deliquescing give off bubbles of 
oxygen. They dissolve rapidly m water, forming hydrogen peroxide with the 
evolution of oxygen in accord with the equation: Cs 2 0 4 +2H 2 0— 2Cs0H_j_0 2 
+H 2 0 2 . Ceesium tetroxide is not attacked by absolute alcohol, but, when heated, 
the oxide gradually dissolves with the evolution of oxygen The tetroxides are 
reduced by hydrogen at about 300° with the formation of the alkali hydroxide, 
water, and oxygen. H. Erdmann and P Kothner explained this curious reaction 
by assuming a preliminary formation of hydrogen peroxide V Meyer (1897) 40 
considers this hypothesis doubtful because, dry silver oxide, potassium peroxide, 
etc., also furnish oxygen when warmed in a stream of hydrogen, carbon monoxide, 
or carbon dioxide. Here the formation of hydrogen peroxide is excluded, and 
the reactions with potassium peroxide are explained. K 2 04+C0=K 2 C0 3 +0 2 , 
2K 2 Q4+2C02=2K 3 C03+3C)2 ] and k20^.-j-H2— 2K0H-f"02. Carbon, and carbon- 
aceous compounds react vigorously with the tetroxides when heated, forming 
the alkali carbonates. Carbon monoxide reacts with the tetroxide at a temp 
rather more than 100°, forming the same volume of oxygen as of carbon monoxide 
consumed in the production of the carbonate : K2O4+CO— K 2 CO s +0 2 “ The 
perfect constancy in the volume of the gas throughout the eaqpenment,' 3 said 
A, V Hareourt (1861), “goes also to prove that the two actions proceed propor- 
tionally, the carbonic oxide is substituted for an eq quantity of oxygen, K 2 0 2 0 2 
+CO ==£202.00+03/* Dry carbon dioxide has no action at ordinary temp , but 
when heated to about 100°, alkali carbonate and oxygen are formed . 2K 2 04+2C0 2 
=2K 2 CO s +30 2 . Phosphorus reacts vigorously, forming the alkali phosphate , 
and with sulphur, the alkali sulphate and a little sulphide are formed ; if sulphur 
vapour, carried along with a stream of nitrogen to moderate the vigour of the reaction, 
he led over the heated peroxide, sulphur dioxide, potassium sulphate, and poly* 
Bulpbide are formed. With sulphur dioxide, potassium sulphate and oxygen are 
formed ; with phosphine, or hydrogen sulphide, the corresponding phosphide or 
sulphide are formed. Nitrous oxide does not decompose potassium peroxide, with 
sodium dioxide and nitric oxide* sodium nitrite iB formed : Na 2 0 2 +2N0=2NaN0 2 ; 
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it might therefore be expected that potassium tetroxide would give the nitrate : 
K2O1+2NO—2ELNO3 This, however, is not the principal reaction, and A V. Har- 
court suggests that the reaction proceeds; Ko0 4 +2^0 =Ko0 2 +2jSiOo > followed 
by K 2 0 2 +2N0=2KN0 2 , and by K 2 02+2Kd 2 =2KN0 3 . With ammonia gas, 
nitrogen and potassium hydroxide are formed The peroxide oxidizes many 
metals with incandescence — e g potassium, ar&emc, antimony, tin, zmc. and copper 
— while bismuth, lead, non silver, and even platinum are oxidized without incan- 
descence. The aq sola, oxidizes manganous salts to the peroxide ; precipitates 
a yellow hydrated cupric peroxide from cupric salts, but if the potassium tetroxide 
be in excess, the cupric peroxide is reduced to the hydroxide 41 Potassium tetroxide 
behaves like a reducing agent towards acid soln. of potassium permanganate, and 
it decomposes into hydrogen peroxide when treated with an acid without liberating 
ozone , this is shown by the fact that if indigo-sulphuric acid be present there is no 
bleaching of the colour as would occur if ozone were formed 

According to A. von Baeyer and V. Villiger, 42 solid potassium hydioxide is 
coloured an intense orange by ozone ; and when ozone is passed mto a 40 per cent 
soln of potash lye cooled by a freezing mixture the same colour is developed, but 
the colour disappears when the soln is removed from the freezing mixture. 
Rubidium and cresium hydroxides behave in a similar manner; but sodium 
hydroxide is coloured only a faint yellow ; lithium is likewise slightly affected. 
According to W. Manchot and W. Kampschulte, liquid ammonia is coloured an 
intense orange-red which vanishes when the temp, rises. A von Baeyer and 
V. Villiger, and A, Bach, assumed that the alkali tetroxides are formed, and that 
these oxides are really salts — ozonates — of what they call ozonic acid, H 2 0 4 , or 
(H0) 2 =0 =0, the hydroxyl derivative of ozone, 0 =0=0. According to W. Traube, 
when freshly prepared, the ozonate yields oxygen and very little hydrogen peroxide, 
when kept at the ordinary temp for a short time, or at 90°-100° the ozonate becomes 
paler m colour and yields a larger amount of hydrogen peroxide when treated with 
water or an acid W. Traube suggests that the change is due to an intramolecular 
transformation of the ozonate first formed to a tetroxide, and he formulates the 
tetroxide KO 0 K0 2 , where the 0 2 group is held by auxiliary valencies, and is 
released on treatment with water, while the residual KOOKf orms hydrogen peroxide; 
the oxonate is formulated (K0H) 2 0 2 The slow change from ozonate to tetroxide 
is due to the oxidation of the KOH-group by the oxygen : 3(KGH) 2 0 2 =2(K 2 0 2 .0 2 ) 
+2KOH+2H2O. This agrees with the fact that the ozonates and the tetroxides 
are peculiar m yielding indifferent oxygen when dissolved in water. W. Traube 
made a quantitative study of the reaction between ozone and potassium hydroxide, 
and W. Strecker and H Thienemann studied the action of ozone on soln. of the 
sodium, potassium, rubidium, and caesium in liquid ammonia, and obtained the 
ozonates or ozonides contaminated with products of the action of ozone on ammonia 
E. Schone (1878) 48 precipitated crystals of hydrated alkali peroxides by adding 
alcohol to the soln ; by varying the relative proportion of alkali peroxide and 
hydrogen peroxide in the soln , he claims to have prepared compounds corresponding 
with Na 2 0 2 8H 2 0, or 4H 2 0, that is Na 2 0 4 6H 2 0, or Na 2 0 2 2H 2 0 2 4H 2 0 ; 

and also or 2K0H H 2 0 2 , or K 2 0 2 2H 2 0 by evaporating an aq soln of 

potassium tetroxide or a -mixture of eq. amounts of potassium hydroxide and 
hydrogen peroxide over cone, sulphuric acid in a good vacuum ; and K 2 H40 a or 
K 2 0 4 2H 2 0 by evaporating an aq soln. of a mol. of potassium hydroxide with three 
mols of hydrogen peroxide in a good vacuum over cone, sulphune acid at a temp, 
below 0°. 
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§ 11. Hydroxides of the Alkali Metals 

In an important paper entitled : Experiment s upon mojvezia alba , quicTclimr 9 
and uthej alcahne substances , published in 1753, 1 J. Black fir^t made clear the 
relations between caustic a lk a li and mild alkali ; that is, between the alkali 
hydroxides and alkali carbonates These relations were not understood by the 
early chemists They believed the mild alkalies and alkaline earths — that is, 
the carbonates of the alkalies and alkaline earths — to be- elementary substances; 
that the causticity of lime was due to the union of fire-matter ot phlogiston with 
elemental chalk ; and the conversion of mild alkali into caustic alkali, with the 
simultaneous regeneration of chalk, by boiling the former with caustic lune, was 
due simply to the transfer of the phlogiston or fire-matter from the lime to the 
mild alkali Otherwise expressed . Quicklime=Chalb -(-Fire-matter J. Black 
proved this hypothesis to be untenable H L Luhamel du Monceau 2 had shown 
nme years earlier m a memoir : Divetses expediences sur la chaux , that limestone 
loses weight when calcined and regains it little by little on exposure to air 

J Black demonstrated experimentally that chalk after ignition neutralized 
the same quantity of acid as before ignition, but the calcined chalk dissolves in 
the acid without efiervescence, whereas the original chalk lost a gas which he called 
fixed an , but which is now called carbon dioxide. W. Homberg 3 had previously 
demonstrated the same fact in 1700, and used it as an argument against the pre- 
vailing hypothesis that chalk loses its alkalinity or alkaline force by calcination. 

The salts formed by the action of acids on calcined and uncalcmed lime were 
shown to be identical m every respect, and the same amount of gas was expelled 
from chalk whether the chalk be calcined or digested in acids Further, by weighing 
the chalk before and after calcination, J. Blaok found a loss, not a gam m weight. 
Thus: 

Ordinary chalk 120 grains 

Quicklime 68 „ 

Loss m weight . * , 52 „ 

Hence, added J. Black, ** we may safely conclude that the volatile matter lost 
during the calcination is mostly air, and hence calcined lime does not emit air or 
make any effervescence when mixed with acids ” Again, lime becomes caustic 
owing to the loss of fixed air Consequently, J. Black proved that Chalk=Quick- 
lime+Frrad a j r Hence, quicklime is simpler than chalk or limestone. 

Joseph Black thus showed the phlogiston hypothesis to be a gratuitous assump- 
tion in explaining the transformation of limestone into caustic lune, before 
A L. Lavoisier attempted to apply J. Black’s idea to processes of oxidation and 
-combustion. 4 

J. Black found that the quicklime was converted back mto chalk by exposure 
to air, and further that 

Quic k l im e does not attract air when m its ordinary form, but is capable of being joined 
to one particular species only, which is decomposed through the atm , either m the shape 
of an exceedingly subtle powder, or more probably m that of an elastic fluid. To thus I 
have given the named fixed air. 

J Blaok ako succeeded in transferring the fixed air from potashes to quicklime, 
for, on boiling the 68 grains of quicklime in the experiment cited above with pot- 
ashes, he finally obtained 118 grains of a white powder “ similar in every trial 35 to 
ordinary chalk. The 118 grains of chalk correspond with the 120 grains originally 
taken within limits of experimental error. The resulting caustic potashes no 
longer effervesced with acids, whereas the regenerated chalk did. Hence J Black 
oonoluded that the potashes were made caustic by the transfer of fixed air contained 
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in pota^lic^ to the cauvfcic lime Somewhat similar results were obtained with 
magnesia and it^ carbonate as were obtained with lime and its carbonate Joseph 
Black did not attempt to find the nature of the aeriform substance, but he did 
demonstrate the modem view of the changes which attend the transformation of a 
mild into a caustic alkali, and proved that these changes are similar to those which 
occur during the conversion of a mild earth mto a quicklime Black’s experiments 
also made clear the relations between the mild alkalies (alkali carbonates) , caustic 
alkalies (alkali hydroxides) , nuld earths (carbonates of the alkaline earths) , and 
the quicUimes (oxides of the alkaline earths), 

C. W Scheele (1784) said that Black’s experiments were so solid and convincing 
that it seems impossible to form any objection to them The balance enabled 
J Black to perceive the invisible, so to speak, and to open to chemistry a new era 
by brilliantly demonstrating the importance of quantity Except for a few desultory 
experiments, chemistry, prior to J Black, had laboured only with qualities 
Lavoisier certainly must have recognized the part which Joseph Black had played 
m weakening the hold which phlogiston had obtained m chemistry This engine 
of research — the balance — was again employed by A L Lavoisier in his brilliant 
work on oxidation and combustion Enthusiasts have claimed for Lavoisier the 
mtroduetion of the balance in chemistry This is of course all wrong. The balance 
had been in u?e centuries earlier, and it is even depicted on the monuments of ancient 
Egypt T. Bergmann, also, about this tune, emphasized the use of the balance 
when he said : 

The balance is of singular service m investigating the properties of bodies, and m direct- 
ing those properties to their proper uses. All effects are exactly proportioned to their 
causes ; theiefore, tinless their mutual relations bo examined by accurate trials, theory 
must be lame and imperfect. 

Up to the time of the discovery of the alkali metals by H Davy, potassium 
and sodium hydroxides — caustic potash and caustic soda — were considered to be 
oxides. J. P. J. D’Arcet (1808) 6 showed that lapis causticus — caustic alkali — 
contains another constituent which 0 L. BerthoHet proved to be water. J L Gay 
Lussac and L. J. Th6nard, and H. Davy determined the exact proportion of water 
present in these compounds. According to PImy’s Eistona naturalis (31. 46), 
it was the custom in the first century of our era to adulterate Egyptian mirum 
with calce — lime. Consequently, the strengthening of the lye obtained from wood 
ashes by the addition of quicklime was probably known to the ancients, at any 
rate the formation of caustic lye is mentioned by Paulus JEgmeta, a medical writer 
of the seventh century , and the preparation of caustic alkali is described by the 
Latin Geber, and by Albertus Magnus, in the thirteenth century. In essence, the 
same process is used to-day. Albertus Magnus said m his Composition de 
compositis : 

Grind very finely a considerable amount of the ashes from the rotten oak tree — quercua 
putnda — and mix them intimately with a sixth part of quicklime Place a thick cloth 
over a cask, and on this put the mixture of ashes and lime. Pour boiling water over the 
mixture, and wash the ashes well Allow the lye to settle in the cask until the next day 
Clarify by filtration Boil down the lye in a eauldron until all the water has evaporated 
and fumes are no longer evolved Let the mass cool, and there will remain a hard stone 
which is called alcali 

G- E. Stahl 6 also showed in 1702 that caustic alkali is formed when nitre is 
decomposed by the metals. 

Sodium and potassium oxides cannot be conveniently made by calcining the 
corresponding carbonate and digesting the residue with water as is possible in the 
case of calcium oxide, because the two alkali carbonates do not decompose so 
readily on ignition as calcium carbonate. Lithium carbonate, however, is more 
closely related to calcium carbonate than the other alkali carbonates The pre- 
paration of the oxides of potassium and sodium is rather difficult and expensive. 
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Hence, although the hydroxide can be made by the action of water on the oxide, 
it is far more economical to employ a method of preparation based on that described 
by Albertus Magnus The chloride is first converted into carbonate by Leblanc’s 
or Solvay’s process, and the carbonate is subsequently converted into the hydroxide 
by causticization with lime. If the alkali chloride could be transformed directly 
into the hydroxide, without the intermediate formation of the carbonate, by a 
cheap enough process, the waste of industrial energy, so to speak, involved in this 
roundabout procedure would be avoided Numerous patents 7 have been obtained 
for decomposing common salt by steam or superheated steam, but without any 
useful result 

In 0 E Acker’s process 8 for sodium hydroxide, fused sodium chloride was 
electrolyzed with a molten lead anode ; the resulting alloy of sodium and lead was 
decomposed by steam to form hydrogen and sodium hydroxide. Chlorine and 
hydrogen were thus obtained as by-products In spite of this advantage, the 
process could not compete successfully with that ordinarily employed. There 
are also numerous forms of electrolytic cell in which brine is electrolyzed tor chlorine, 
with sodium hydroxide as by-product The cells are arranged so that the chlorine 
at the anode does not mix with the hydrogen and alkali hydroxide formed at the 
cathode 9 These processes can he profitably employed where the required electrical 
energy is cheap enough. M H van Laer investigated the possibility of using 
sodium or potassium carbonate m place of sodium chloride for the manufacture of 
the alkali hydroxide S S Sadtler produced sodium hydroxide by the action of 
calcium hydroxide on sodium hydrophosphate. 

There are also chemical processes for the direct conversion of the chloride into 
hydroxide For example, in 1773, C. W. Scheele found that when sodium or 
potassium chloride is boiled with lead oxide or hydroxide, 10 a quantitative yield of 
the alkali hydroxide is obtained, and a yellow basic lead chloride, 3PbO.PbCl 2 , is 
precipitated: 2NaCl+4PbO+H 2 0=2NaOH+3PbO.PhCl s . Lead oxychloride is used 
as a yellow pigment, and the process of preparing this substance as the mam product 
of the reaction was patented in 1781 by J. Turner — hence the name Turner's yellow . 
It has been recently proposed to work this process for the alkali hydroxide on a 
manufacturing scale; but there is a long list of stenle patents for this reaction 
datmg from 1773 up to recent times. 11 The process has also been the subject 
of critical investigation by J. F. A Gottling (1781), F. E. Curaudau (1792), 
E C Olapham (1859), etc. The lead can be recovered m the following manneT : 
The basic lead chloride is separated from the lye, dissolved in nitric acid, and evapo- 
rated down. The hydrogen chloride which is evolved is condensed, and the lead 
nitrate is dissolved m water, and lead hydroxide is precipitated by the addition of 
ammonia The chief difficulty with the process lies in the recovery of the lead 
oxide in a suitable form. According to F M. Bachet, the lead oxychloride can be 
decomposed by lime water . 3Pb0.PbCl 2 +Ca(0H) 2 =4Pb0+Ca(F 2 -|-H 2 0, and tbe 
residual mixture of lead oxide and calcium chloride used over again. 12 

0. Lowig 18 proposed to roast the alkali carbonate with ferric oxide m a reduomg 
atm. whereby sodium feinte, NaFe0 2 , is formed : Na 2 C0 8 +Fe 2 0 B =2NaFe0 2 +C02. 
When the resulting cake is treated with water, caustic soda is formed and the ferric 
oxide (or hydroxide) is regenerated : 2NaFe0 2 +H 2 0=Fe 2 0 3 +2Na0H. However, 
the process of causticizing the carbonate with lime appears in the main to have 
prevailed against other proposals. Suggestions have been made to caustify nitre 
cake; 14 and B. Neumann and E Karwat have discussed the causticization of 
alkali sulphates 

Sodium or potassium hydroxide can be taken as a type of the process foT the 
oaustification of alkali carbonate by hme. When calcium hydroxide is added to a 
boiling soln. of sodium carbonate in an iron, ox silver, or mckel vessel, calcium 
carbonate is precipitated, and sodium hydroxide, NaOH, remains in soln. : 
Ca(0H) 2 +Na 2 C0 s =2Na0H+CaC03. The clear soln is decanted from the pre- 
cipitated calcium carbonate, and cone, by heating it m iron pots. The reaction 
von. n. 2 b: 
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between alkali carbonate and calcium hydroxide has many points of interest. It is 
be^t studied m the light of the theory of equilibrium, so useful m the study of 
chemical reactions generally. When potassium carbonate and slaked lime are 
used there are four salts in soln. and m equilibrium ; 15 accordingly, the reaction is 
represented : K 2 C 03 +Ca( 0 H) 2 ^CaC 0 s+ 2 K 0 H. 

Molecular theory of caushfication. — An excess of solid calcium hydroxide is 
supposed to be present at the start, so that as fast as calcium hydroxide is removed 
pan the soln by reacting with the potassium carbonate, more passes into eoln. 
Thus the cone of the calcium hydroxide in the soln is kept constant. The solubility 
of calcium carbonate is very small, and, in consequence, any calcium carbonate 
m excess of the solubility will be precipitated as fast as it is formed The reaction 
proceeds steadily from right to left because, all the time, calcium hydroxide steadily 
passes into soln , and calcium carbonate is steadily precipitated , but the solubility 
of calcium carbonate steadily increases with increasing cone of potassium hydroxide. 
There is a steady transformation of the potassium carbonate into potassium 
hydroxide in progress The cone of the potassium carbonate is steadily decreasing, 
while the cone of the potassium hydroxide is steadily increasing. Consequently, 
when the potassium hydroxide has attained a certain cone so much calcium car- 
bonate will be present m the soln that the reaction will cease. Hence the cone, 
of the potassium carbonate should he such that it is all exhausted before the state 
of equilibrium is reached. If the cone of the potassium hydroxide should exceed 
this critical value, the reaction will be reversed, and calcium carbonate will be 
transformed into calcium hydroxide. 

M le Blanc and K. Novotny showed, for example, that at 100°, the percent, 
of sodium carbonate transformed into hydroxide is greater with normal than with 
ternormal soln Thus, for equilibrium, 

Initial cone., Na*C0 8 • N- 2-ZV- 3^-aoL 

Percentage transformation . 99 1 97*8 93 2 

They also found the yield to be independent of the temp, so that the heat of the 
reaction is virtually zero, and no improvement can be expected by working at higher 
temp, under press., as was proposed by E. W. Parnell 16 m 1877. According to 
G. Bodlander and R Lucas, the hydroxides of barium and strontium are more 
soluble than calcium hydroxides, while the carbonates are less soluble than calcium 
carbonate. Hence, better yields are obtained with these hydroxides. With 
strontium hydroxide, the reaction is exothermal, so that the yield should be 
increased by working at lower temp 

Ionic theory of caustification. — The explanation offered by the ionic theory 
runs somewhat as follows : At the start, the soln contains the ions 

£ 2 C0 3 ^2K +CO s " ; and Ca(OH) 2 ^Ca +20H' 

The solubility product [Ca**][C0 3 "] is very small, and very much less than the 
solubility product [C&' [[OH'] ? ; consequently, since relatively large proportions 
of both the ions Ca** from the Ca(0H) 2l and C0 3 "from the K 2 00 3j are present in 
the soln, calcium carbonate will be precipitated, and will continue being pre- 
cipitated as long as the potassium carbonate and calcium hydroxide can supply ions 
C0 3 " and Ca‘* in excess of the solubility product of calcium carbonate But the 
calcium hydroxide furnishes the Ca* ions, and the solubility of Ca(OH) 2 is largely 
determined by the solubility product [Ca**][0H'] 2 . With the steady lemoval of Ca*‘ 
and C0 3 " ions, tho cone, of the £ and the OH' ions must he continually increasing. 
By-and-by the cone, of the OH' ions becomes relatively large , this, in virtue of 
the common ion OH', reduces the cone of the Ca* ions required to maintain the 
solubility product of calcium hydroxide up to its own constant value. Pmally, 
when the cone, of the OH' ions is so great that the cono of the Ca** ions from the 
calcium hydroxide is no greater than the cono. of the Ca*‘ ions required to maintain 
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the solubility product of the calcium carbonate at its own characteristic value, the 
reaction will stop. Hence the cone of the potassium Garbonate in the boln. should 
be so adjusted that this salt is exhausted before the xeaction stop**. 

There is a complication in cuusticizmg sodium carbonate by means of lime 
owing to the formation of hydrated crystals of qaylussacitc, (JaN^fCOata 3H 2 0 , and 
of anhydrous CaNa 2 (C0 3 ) 2 The latter 1 ^ stable above 40% the former below 40°. 
These salts are sparingly soluble, and they aTe precipitated along with the lime 
sludge with a consequent loss of soda The double salts are stable m ^oln with 
cone of sodium carbonate exceeding certain limits, and they are decomposed by pure 
water Consequently, the soda could be recovered by repeatedly washing the pre- 
cipitated sludge, but, in practice, this is not expedient because the recovered soln 
would he too dll for profitable cone M H van Laer found soln of sodium carbonate 
is readily converted into the hydroxide by the electrolysis of aq soln in the presence 
of an oxy-salt like the sulphate, chlorate, or nitrate 

In 1818, A Arfvedson 17 causticized lithium caibonate by means of calcium 
hydroxide, but the sparing solubility of lithium carbonate causes hut a poor yield. 
L, Troost made the hydroxide by dissolving in water the oxide obtained by the 
combustion of the metal , and G. G Gmelin decomposed lithium sulphate by an 
eq soln of barium hydroxide. In either case, the soln should he evaporated rapidly 
to dryness m a silver vessel, and then fused 

The alkali hydroxides can be obtained from the alkali bvlphate by treating it with 
baryta water 18 or strontia water, whereby insoluble banum or strontium sulphate is pre* 
eipitated, and the alkali hydroxide remains m soln : Ba(OH) a -f K 3 S0 4 — BoS0 4 -b2KOH , 
or by treating a sat soln of the alkali sulphate with calcium sulphate there is a partial 
conversion of sulphate to hydroxide The sulphate can also be converted to the phosphate 
by treatment with acid calcium phosphate , and by the addition of milk of lime, alkali 
hydroxide is formed The alkali nitrate can be causticized by ignition with carbon, copper 
turnings, or iron oxide, and subsequently extracting the liquid with water The product 
is impure Numerous processes for causticizmg the alkali chloride have been proposed 

The purification of the alkali hydroxides, — Numerous impurities have been 
reported m commercial sodium and potassium hydroxides Several have com- 
mented on the presence of peroxide, particularly in caustic potash. 1 ® Various 
salts— carbonate, sulphate, nitrate, nitrite, chlonde, and phosphate — as well as 
alumina,, silica, organic matters, and metal oxides — e.g arsenic, vanadium, iron, 
etc , have been reported More or less of the other alkalies may also be present. 

The so-called potassium or sodium hydroxide 'pure by alcohol 20 — e q. soude 
& Valcool — was prepared by C L. Berthollet in 1786 by dissolving the hydroxide m 
absolute alcohol Most of the impurities remain un dissolved, hut a little chloride, 
carbonate, and acetate pass mto the alcoholic soln The alcohohc soln. is allowed 
to settle, the clear liquid is decanted off, and evaporated in a silver dish, on a water- 
bath. The resmous matter which is formed, is removed from the warm semi-solid 
mass by means of a silver spatula, and the mass is then poured on a plate of polished 
iron 

Alkali hydroxide of a high degree of purity can be made by treating the highly 
purified alkali carbonate with silver carbonate to remove the chlorides, and then 
boiling the clear liquid, m a silver dish, with lime made by the ignition of purified 
calcium carbonate The soln is then filtered through a layer of pounded marble 
which has been well washed to remove the powder The liquid is then evaporated 
m a silver dish The alkah-Iye should not come in contact with glass on account 
of rapid corrosion. Alkali hydroxide soln. for volumetric analysis are often made 
by the action of the metal on water, or water vapour. 21 The metal is supported 
m a mckel gauze funnel over water contained in a basin. The water vapour attacks 
the sodium slowly and a soln. of the hydroxide can be collected in a silver or mckel 
basin plaoed underneath. All is covered by a bell-jar The hydrogen escapee 
thxough the water under the bell-jar. The lye which collects in the baBin contain* 
about 40 per cent. NaOBL 



500 


INORGANIC AND THEORETICAL CHEMISTRY 


Properties of the a lk ali hydroxides, — The alkali hydroxides are brittle, white, 
translucent solids, with a more or less crystalline fracture, and fibrous texture. 
Sodium hydroxide deliquesces on exposure to the air, but it goes solid again owing 
to the formation of the carbonate by the absorption of carbon dioxide from the air. 
Lithium hydroxide is a little hygroscopic. Potassium hydroxide is even more 
deliquescent than the sodium compound ; but its carbonate is also deliquescent. The 
hydroxides are very soluble in water, and they also dissolve m alcohol The reported 
numbers for the specific gravities 22 of sodium hydroxide range from 1*723 to 
2 130 ; and for potassium hydroxide, from 1*958 to 2 6. The best representative 
sp gr. aTe 2 54: for lithium hydroxide , 2 130 for sodium hydroxide ; 2 044 for potas- 
sium hydroxide , 3 203 (11°) for rubidium hydroxide , and 3 675 (11°) for ceesium 
hydroxide 

R. de Forcrand found the melting point of lithium hydroxide to be 445°, and 
G Scarpa, 4=62°. The hydroxide remains undecomposed 23 at this temp , but at a 
higher temp, some decomposition occurs : 2 LiOH=Li 3 0+H 2 0 According to 
Gr. von Hevesy, sodium hydroxide melts at 3184° ±0 2°, meaning that the observed 
numbers vaTy between 318 2° and 318 6°. This does not necessarily mean that 
this constant is known to these limits of accuracy unless the purity of the material 
be unimpeachable. Gr. Scarpa gives 310° as the melting and 290° as the solidification 
temp ; B. Neumann and E Bergve give 300° as the solidification temp Sodium 
hydroxide volatilizes unchanged at high temp. Potassium hydroxide melts at 
360 4:° +0*7°. G. Scarpa gives 380° as the m p , and 260° as the transformation 

pomt ; B. Neumann and E. Bergve give the m p 345° 
Rubidium hydroxide melts at 301° ±0 9° , and caesium 
hvdxaxide at 272 3° ± 0 3° G von Hevesy found that 
the four hydroxides show terraces m the cooling curves 
below their m p The dissociation pressures of lithium 
hydroxide at different temp, are 9 2 m m . at 561° ; 
92 mm at 700° , 234: mm at 782° , 526 mm at 876° ; 
and 760 mm. at 924° The dissociation press measured 
by J. Johnston 24 were not considered satisfactory. 
D, D Jackson and J. J Morgan found the vapour 
pressure of potassium hydroxide to he 8 mm of mercury 
at 795°, and the relative volatility of different potassium 
compounds is in decreasing order : hydroxide, chloride, oxide from carbonate, 
sulphate, and natural silicates. 

The cooling curve for sodium hydroxide 13 illustrated m Fig 17 The transition 
point from a- to p-sodtmn hydroxide is 299 6°±0 5°, that is, 19° below the imp. , 
from a- to fi-potassium hydroxide , 248° ±0 5°, that is, 112° below the mp. ; from 
a- to fi-rubidium hydroxide , 245° ± 0*5°, that is, 40° below the m.p. ; and from a- to 
p-ccestum hydroxide, 223° ±0*5°, that is, 49° below the m p. 

The latent heat ot fusion of sodium hydroxide pex gTam is 40 0 cals. , potassium 
hydroxide, 28 6 cals ; rubidium hydroxide, 15 8 cals ; and caesium hydroxide, 
10*7 cals. The corresponding values m calories per mol are 1602, 1606, 1614, and 
1609 cals respectively. The heat of transformation of sodium hydroxide per gram 
is 24*7 cals. ; potassium hydroxide, 27*1 cals ; rubidium hydroxide, 16 8 cals ; 
and caesium hydroxide, 11*8 cals. The corresponding values in calories per mol. 
are 990, 1522, 1702, and 1763 cals, respectively. 

Molten sodium and potassium hydroxides are completely miscible in all propor- 
tions, and the f .p. curve has a minimum at 187°.with a mixt ure containing 38 7 atomic 
per cent, of KOH, that is, 48*97 per cent, of KOH by weight The transformation 
temp, of the cooling solid alloys famish a curve similar m form to the f p. curve, 
and the solid eutectic has a transformation pomt at 181°. Mixtures of potassium 
and rubidium hydroxides are completely miscible, and they give a curve with two 
maxima ; one rises from the m.p of potassium hydroxide 360 4° up to 399° with 
87 atomic per cent, of KOBL, and the other from the m.p. of rubidium hydroxide 
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301° up to 351° with 22 3 atomic per cent of KOH. The intervening minimum is 
at 306° with 65 6 atomic per cent, ol KOH There is no evidence to show that the 
maxima represent definite compounds The transition temp of the cooling solid alloy 
furnish an analogous curve. Sodium and rubidium hydroxides are not miscible 
between 8 S and 37 6 atomic per cent of the latter hydroxide There is a ma xim um 
on the curve at 278° and 30*7 atomic per cent of rubidium hydroxide which may 
ox may not correspond with the formation of a compound RbOH.2NaOH. The 
two minima m the m p. curve are near 237° with about 83 and 4S atomic per cent, 
of rubidium hydroxide 

The heat of formation of the alkali hydroxides : 26 R+0+H=R0H, is between 
111 0 and 117*3 Cals, for lithium, 101 87 to 102 7 Cals, for sodium, 101 7 to 103T7 
Cals for potassium, 101 99 Cals, for rubidium, and 101 31 Cals for csesium hydroxide. 
The thermal value of the reaction R+0+H+aq==ROHaq isll7*5 Cals for lithium ; 
111*8 to 112*5 Cals, for sodium , and 116 5 to 117 1 Cals for potassium hydroxide. 
The heat of the reaction 2R+0+aq==2ROHaq is 166 0 to 166*52 Cals. foT lithium ; 
144*2 to 155*26 Cals, for sodium , 159 8 to 164 56 Cals, for potassium ; 164 8 Cals, 
for rubidium; and 172*13 for caesium hydroxide The heat of the reaction 
2R+0+H 2 0==2R0H is 135 38 Cals, for sodium, and 137 98 Cals, for potassium. 
The heat of the reaction R 2 0+H 2 0+aq==2R0Haq is between 56 5 and 63*9 Cals, 
for sodium ; 67 4 to 75 0 Cals, for potassium ; 80 0 Cals, for rubidium ; and 72 15 
to 80 6 Cals, for csesium The heat of formation of an aq. soln. of the hydroxide 
by the action of the metal on water has been discussed in connection with the 
metals The heat of solution of the alkali hydroxides 26 depends on the amount 
of water with which they are mixed. The heat of dilution of lithium hydroxide 
LiOH with 111 mols of water is 4 147 Cals , and with 400H 2 0, 5*8 Cals — 
R. de Forcrand gives 4 477 Cals for the heat of soln at 24°. J. Thomsen found 
the heat of soln of a mol of KOH 3H 2 0 or of NaOH 3H 2 0 m n mols. of water to he 
m large calories : 

n .... 2 4 6 17 22 47 97 197 

KOH.3H tt O . . 1 50 2 "10 2*36 2 08 — 2 74 2 75 2"7S 

NaOH 3H a O , , 2 13 2 89 3 09 3 28 3*20 3*11 3 00 2’94 

The thermal effect is positive for both hydroxides. If a start he made from the 
anhydrous oxides, n in the tables must he increased by 3, and 13 29 Cals, added to 
the numbers for potassium hydroxide, and 9*94 Cals to the numbers for sodium 
hydroxide. There is a maximum with sodium hydroxide corresponding with 
NaOH+20H 2 O, so that if a soln containing more than this amount of water is diluted, 
there will be an absorption of heat M. Berthelot investigated this subject further, 
and found that on adding 41 mols. of water to a mixture K0H+3*6H 2 0, +2 ‘41 Cals, 
were developed , with the addition of 50H 2 0 to K0H+4*11H 2 0, 4-1 44 Cals., with 
60H 2 0 to the mixture KOH+11*OH 2 0, +0*16 Cals, If water, 17H 2 0, be added 
to a soln. containing KOH+15 3H 2 0, 0 045 Cals, are evolved, but with the addition 
of 79H 2 0 to the initial mixture, 0 085 Cals axe absorbed, and heat is absorbed by 
the dilution of soln. containing more water than is represented by K0H+32*3H 2 O, 
thus, the thermal value of the dilution of this mixture 21H 2 0 is — 0*035 Cals , and 
of the mixture K0H+55*3H 2 0 with 56H 2 0, — 0*026 Cals Similar remarks apply 
to sodium hydroxide, a soln. of NaOH in 7iH 2 0 at 10°-12° develops 2SVT 2 Cals, 
on dilution with (200 — n)H 2 0,when n lies between 2*5 and 5*6 ; ( 2Zvr 2 — ll*5fl."“ 1 ) 
Cals, for n between 5*6 and 18*4 , and — ll'SfT" 1 Cals*, when n is greater 
than 18 4. Similarly, for potassium hydroxide at 15°, the heat of^ dilution 
is 23 7T" 2 Cals, when the numbeT of mols. of water in which the hydroxide is dis- 
solved, is not greater than 11 ; betrween w=ll and n= 32, the heat of dilution is 
(23HT 2 — 2*3wr~ 1 ) Cals. ; and when n exceeds 32, the heat of dilution is ~2*3n — 1 
Cals. For the heat of dilution : CsOH+320H 2 O, N. N. BeketofE gives +15 88 Cals., 
and for the dilution of rubidium hydroxide with an excess of water, R de Forcrand 
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give> 11 2»li (AjK at 15", and for caesium hydroxide, 16 420 Cals F R Pratt has 
d i lie heats of dilution of soln of sodium and potassium hydroxides 
J T Luv.itz found the solubility of potassium hydroxide to be such that it dis- 
solved in half its weight of water ; A Bmeau found water dissolved two-thnds its 
weight of sodium hydroxide, and its own weight of potassium hydroxide ; and 
J. Hilton compiled the first table of the solubility of the last-named compound 
H Schiff, and G T Gerlach calculated solubility tables from Dalton's data 
The solubility curve 27 of lithium hydroxide has a eutectic at —18° with 11 2 
per cent of lithium hydroxide , at —59°, the soln contains 4 31 per cent LiOH ; 
and the solid phase with ice at the eutectic, is the monohydrate of lithium hydroxide, 
LiOH H 2 0, of &p gr. 1 829 ; it has a heat of soln of 0 720 Cal at 18° The 
solubility of the monohydrate is : 

10 0° 45 5° 60 0° 7T$° 80 0° 100° 

Percent LiOH - . 11*28 11 68 12 25 13 01 13 27 14 90 


The existence of 0. Gottig’s LiOH ^H 2 0 precipitated from alcoholic soln has not 
been confirmed According to AV Dittmar, the percentage amount of Li 2 0 m 
sat. aq soln of lithium hydroxide at temp & can he represented by 6 6750+0 003460 

4-O*OOO30 2 The solubility curve of sodium hy- 
droxide, 28 Fig. 18, shows the conditions under 
which the mono-, di-, tri-, tetra-, penta-, and 
hepta-hydrated sodium hydroxides are stable. 
The anhydrous hydroxide passes into the mono- 
hydrated sodium hydroxide, NaOHH s O, below 
64 3° ; and the monohydrate is deposited when a 
hot soln. of the hydroxide is cooled The mono- 
hydrate passes into the dihydrate of sodium 
hydroxide, NaOH 2H 2 0, at 12 3°. The same 
hydrate is obtained from a 96 to 97 per cent, 
soln in alcohol The dihydrate passes into the 
3J-hydrate, NaOH 3 5H 2 0, at 5°, or continues 
down to —1 3°, when it passes into the trihydrated 
sodium hydroxide, NaOH 3H a O (or possibly 
3*1H 2 0) , the tnhvdrate at —3° passes into the p- 
tetrahydrated sodium hydroxide, /J-NaOH 4H 3 0 ; 
and this, at —12 3°, into the pentahydrated sodium 
hydroxide, NaOH 5H 2 0, which forms a eutectic 
with ice at —32° and 19 8 per cent of NaOH. 
The 3*5 hydrated sodium hydroxide is deposited in tabular monoclimo crystals 
when a soln of soda-lye of sp. gr 1 365 is cooled to — 8° According to 
S U. Pickering, these crystal* melt at 15 5°, corresponding with the maximum at 
15*55° in the solubility curve , this curve has a slight break at 5 4°, when the 
so-called o-tetrahydrated sodium hydroxide, a-Na0H.4H 2 0, appears This 
changes mto the pentahydrate at — 18°, and this in turn into the heptahydrated 
sodium hydroxide, NaOH 7H 2 0 q.t —24°; the heptahydrate forms a eutectic with 
ice at — 28°, and 19 per cent of NaOH. It is convenient to take for the solubility 
of sodium hydroxide m 100 grms of soln : 



Grms ffeOfttn wogrtrs cf5oivt(c r ' 

Fig IS — Equilibrium Curve of 
Sodium Hydroxide and Water 


NaOH . 


0 ° 

29 0 


IO° 
34 0 


20 ° 
52 2 


80° 
64 3 


40° 
56 3 


60° 
63 5 


80° 

75*8 


110 ° 

78*5 


The solubility of sodium hydroxide at — 20° is 16*0, and at 192°, 83 9. The solu- 
bility curve of potassium hydroxide 29 shows the existence of the mono-, di-, and 
tetra-hy fixates. There is a eutectic near — 66° with a 30 per cent KOH soln. 
between ice, and tetrahydrated potassium hydroxide, KOH 4H a O, which passes 
into dihydrated potassium hydroxide at about —32 7°. The dihydxate is deposited 
when cone. aq. soln. are cooled. The small acute xhombohedxal crystals melt at 
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about 35*5°, and they were described by P. Walter 30 in 1836. The dihy drate passes 
into the large radiating crystals of monohydrated potassium hydroxide at 32*5°, 
and these become anhydrous at about 143 c . The solubility of potassium hydroxide 
grams per 100 grms of soln is * 

65 2° —32 7° O 3 10° 20° 30° 32 y 10O c 143 a 

KOH . . 30-8 4 3 8 49;2 60 7 5 2 8 55 7 6 57 44 64 03 73 73 

KOH 4H a O KOH^H^O KOH^O " 

According to W. H Schramm, an evolution of gas is sometimes noticed when fused 
sodium hydroxide is dissolved m water ; the greater quantity of this gas is air 
contained in the hydroxide , an excess of oxygen may be present This is thought 
to be due to the decomposition of an alkali compound of a higher ferric oxide, say 
sodium perfem*e, Na 2 0 Fe 2 0 4 , which is possibly formed: SNaOH+Oo^NaoO* 
-4-H 2 02 * Ka 2 02-kNa 2 0 Fe 2 O s =Fe 2 0 4 Na 2 0 -j-Na 2 0 ,andlNa 2 0 Fe 203 -j-Ho 02 =:= H *0 
+Na 2 0 Fe 2 0 4 The pungent odour of the gas is possibly due to the mechanical 
carrying of sodium hydroxide soln by the bubbles of gas 

The rubidium hydroxide of commerce 31 is a monohydrated rubidium hydroxide, 
EbOH H 2 0, which melts at 146°, and at 350° it is completely dehydrated to EbOH. 
At a higher temp, it begins to peroxidize and attack the crucible The heat of sola 
of the monohydrate is 3*702 Cals at 15° The commercial caesium hydroxide is 
likewise a monohydrated caesium hydroxide, CsOH H 2 0 , it melts at 180°, and is 
completely dehydrated between 400° and 500°, and at the same time the mass 
begins to peroxidize To prepare the pure hydroxide, it must be dehydrated in a 
current of dry hydrogen at 500°. The heat of soln. of the monohydrate is 4*317 
at 15° 

According to F. A. H. Schreinemakers and A. Filippo, 82 100 grms, of an aq. 
soln. of rubidium hydroxide contain 63 39 grms. EbOH at 30° ; the corresponding 
numbers fox potassium, sodium, and lithium hydroxides are respectively 55, 76, 
54 3, and 11*27. Consequently, the solubilities of the alkali hydroxides increase 
as the at. wt of the alkali metal increases 

The specific gravities of soln. of lithium hydroxide 83 at 18°, are : 

Per cent. LiOH *1 61 26 3 39 50 75 

Sp gr . . . 1 0178 10276 1 0380 1*0547 1*0804 

According to J G MacGregor, the volume of the aq. soln. of ktbium hydroxide is 
smaller than that of the contained water The sp.gr of soln. of sodium and 
potassium hydroxide 84 with the corresponding percentage composition aTe indicated 
m Tables VI and VTI A sat. soln. of potassium hydroxide at 15° has a sp. gr. 


Table VI — Per Cent of NaOH in Solutions of Sodium Hydroxide of Specific 
Gravity 1*00 to 1 53 at 15° (Water at 4° Unity). 


Sp. gr. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

1 0 

0 


1 69 

2 60 


4*34 


6 13 

7 05 

7 95 

1-1 

8 78 

9 67 

10 56 

11 66 

12 49 

13 34 

14*19 

ftLXml 

16 00 

16 91 

1*2 

17 81 

18 71 

19 65 


21 47 

22 '33 

23 23 

24*13 

25 04 

25 96 

1*3 

26 85 

27 85 

28 83 

29 80 

30 74 

31 75 

32 79 

33*73 

34*71 

35 68 

1*4 

36 67 

37 05 

38 67 

39 67 


41 70 

42 75 

43 80 

44 33 

45 37 

1*5 

46 94 





— 

— 

— 


— 


1 5355, and has 51*7 per cent of KOH. A normal soln of sodium hydroxide at 
18° has a sp gr, 1 0418 (water at 4° =unity) and a normal soln. of potassium 
hydroxide under similar conditions has a sp. gr. of 1*0481 The liquor potasses 
of the Pharmacopoeia has a sp. gr. about 1 058, and contains about 5 per cent, of 
the hydroxide, KOH 

The influence of temp. 85 on the sp. gr. of soln. of sodium hydroxide is indicated 












504 


INORGANIC AND THEORETICAL CHEMISTRY 


in Table YI. This gives an idea of the cubical expansion of these solns when 
heated The volume F of an aq. soin of potassium hvdroxide, which has a sp gr. 
of 1 2738 at 0°, is 7~1+0'(X)041 000+0 OOOOOO5770 2 for values of 9 between 
13° and 100°. 

Table VII. — The Specxtio Gravities oe Solutions of Sodium Hydroxide at 

DirrHRENT Tempekatupes. 


0 ° c. 

0 

O 

r-» 

20° 

30° 

40° 

50° 

60° 1 

70° 

80“ 

■00° 

100 u 

1 367 

l 362 

1 367 

1 353 

1 348 

1 342 

1 336 

1 331 

1 326 

1 

321 

1 316 

1*357 

J 352 

1*347 

1 343 

1 337 

1 332 

1 327 

1 322 

1 316 

1 

311 

1 306 

1*347 

1-342 

1 33S 

1 333 

1 327 

1 322 

1 317 

1 312 

1 306 

1 

301 

1 296 

1 338 

1 332 

1 328 

1*323 

1 317 

1 312 

1 307 

1 302 

1 296 

1 

291 

1 286 

1 328 

1 322 

1-318 

1*313 

1 307 

1*302 

1 300 

1 292 

1 2S6 

1 

280 

1 274 

1 318 

1*313 

1 308 


1297 

1*292 

1 2S6 

1 281 

1 275 

1 

269 

1 263 

1 308 

mswM 

1 297 


1 287 

1 282 

1 276 

1 271 

1 265 

1 

259 

1 253 

1 298 

1 293 

1 287 

1 282 

1 277 

1 272 

1 266 

1 201 

1 255 

1 

249 

1 242 

1 288 

1 283 

1 277 

1 272 

1*267 

1 262 

1 256 

1 251 

1 246 

1 

239 

1 232 

1 278 

1*273 

1*267 

1 262 

1258 

1 252 

1 247 

1 242 

1-236 

1 

231 

1 225 

1268 

1-263 

1 257 

1 232 

1 248 

1 242 

1 237 

1 232 

1 220 

1 

221 

1 215 

1 257 

1 252 

1 247 

1 242 

1 238 

1 233 

1 228 

1 223 

1 218 

1 

213 

1*207 

1*247 

1-242 

1 237 

1*232 

1 228 

1 223 

1 218 

1 213 

1 208 

1 

203 

1 197 

1237 

1 232 

1 227 

1 222 

1 218 

1 212 

1 208 

1 202 

1 198 

1 

192 

1T87 

1 227 

1*222 

1 217 

1212 



1 198 

1 192 

1 188 

1 

182 

1T77 

1*217 

1-212 



1 198 

1*192 

1 189 

1 184 

1 179 

1 

173 

1 ‘168 

1 207 

■mi vm 

1-197 

1 193 

1*188 

1*184 

1 180 

1*175 

1 169 

1 

163 

IT 58 

1*197 

IT 92 

IT 87 

1*183 

1*178 

1*174 

1 169 

1*164 

1 158 

1 

153 

1 147 

1T87 

IT 82 

1T77 

1-173 

1*166 

1*164 

1 159 

1 153 

1 148 

1 

*143 

, 1 137 

1*176 

IT 72 

IT 67 

1 103 

1*166 

1*164 

1 149 

1 143 

1-138 

1 

132 

1T27 

IT 66 

IT 62 

1 157 

1 153 

1 146 

1*144 

1 139 

1 133 

1 128 

1 

*122 

1T17 

1-166 

1*162 

1*148 

1 144 

1 137 

1 136 

1*130 

1 124 

1 118 

1 

113 

1*107 

1T46 

1*142 

1-138 

1 134 

1 127 

1*126 

IT 20 

1 114 

1 108 

1 

103 

1 097 

1-136 

1T32 

1T28 

1 124 

1 118 

1*110 

1*110 

1 104 

1*099 

1 

093 

1 087 

1T26 

1T22 

1T18 

1*114 



1 100 

1*094 

1 089 

1 

083 

j 

1 077 

1-116 

1-112 

1T08 


1 099 


1091 1 

1*086 

1 080 

1 

074 

1 063 


1T02 



[■BlUIf 


1 082 

1 076 

1 070 

1 

064 

1 058 



1*088 

1 086 

1 080 


1*073 

1 067 

1 061 

1 

*056 

1 048 

1-084 


1*078 

BllWifl 

1*070 


1*063 

1 057 

1 051 

1 

046 

1 040 



mm 

| 1 066 


1 058 

1 053 

1 047 

1042 

1 

036 

1 030 


1-001 

1*058 

ini 

1*050 

1*048 

1*043 

1 037 

1 033 

1 

020 

1*020 

|g|KVj 

\MMu3m 


1046 

1040 

1038 

1 033 

1027 

1021 

1 

013 

1010 

|||BV jjl 

1 041 

1*038 

1-030 


1 028 

1 023 

1 017 

1 011 

1 

000 

1 000 

HBBi #1 


1-028 

/UsEa 



1-013 

1 007 

1 001 

0 

906 

0 990 

1 024 


1*018 

X 016 

1*010 


1-003 

1 997 

0*991 

0 

986 

0 980 

1*014 

1*011 




0 998 

0*993 

0 984 

0 981 

0 

' 976 

0 970 


Table VHL — Per Cent, of KOH in Solutions of Potassium Hydroxide of Specific 
Gravity 1*00 to 1 54 at 16° (Water at 4° Unity) 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1-0 

0 

1-18 

2*28 

3*36 

4*44 

5 53 

6-60 

7 68 

8 76 

9 82 

IT 

10*87 

11 92 

12*90 

14*01 

15-04 

m : i 

17 13 

18 13 

19T5 


1*2 

21 17 

22T6 

23*15 

24*14 

26 13 


27 07 

28 04 

Ena 

29 96 

1-3 

30*91 

31*84 

32 78 

33*70 

34 63 

mi 

30 46 I 

37 37 

38 28 

39 18 

1-4 

40*09 

40*98 

41*89 

42*76 

43 63 

44 50 

48*37 

46*23 

EgliEl 

47 93 

1-5 

48-78 

49*04 

50*48 

61*32 

62 15 

— 


— 

* 

— 
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Ihe diffusion coefficients of soln, of sodium and potassium hydroxides of different 
cone , between 12° and 13 5°, are, according to J T ho vert - 30 

30 00 01 0 02 mols per litre 

NaOH . . 0 985 l'f>45 I’ll 1 1 2 cm. per day 

KOH . 2 43 l SG 1 72 1 GS „ 

The viscosity of aq. soln of potassium and sodium hydroxides 37 are, according 
to A. Kamtz : 

1 0 5 0 25 0 25 normal. 

NaOH. . 12355 1*1087 1 0560 1 0302 

KOH . . 1 1294 1*0637 1 0313 1 0130 

E. BimeT represents the coeff of viscosity of soln. of sodium hydroxide containing 
id grms per litre at 20° by 0 010015+0 0000457*0+0 G000003217C 2 , and foi potas- 
sium hydroxide, 0 010015+0 00001820+0 OOOOOOQ410 2 0 Pulrermacher also 
measured the viscosity of soln of sodium hydroxide. W. C. Eontgen and 
J. Schneider 38 measured the compressibility of soln. of lithium and potassium 
hydroxide , Y. Schumann of sodium hydroxide ; and 0 Schmidt of potassium 
hydroxide 

The boiling points of soln. of the two hydroxides, 89 determined by G T. Gerlach, 
are indicated in Table IX. Tbe vapour pressures of aq soln. 40 determined at 0°, 
also by G, T. Gerlach, are shown in Table X ; and if p be the vap. press, of the solvent, 


Table IX. — Boiling Points or Solutions of Potassium and Sodium Hydroxides 
BETWEEN 100° AND OVER 300° FOB DIFFERENCES OF 10° 

Sodium Hydroxide. 



0= 

10° 

20° 

80° 

40° 

50° 

eo° 

70° 

80° 

00° 

100 

200 

300 

00 I 
77 52 1 
98 53 1 

23 07 
80 97 
99 ’55 

! 

33 77 
84 03 1 

41 22 
86 58 

4S31 
88 89 

54 61 
90 91 


65*15 
94 56 

. 

69 69 
95 92 

73 80 

97 28 


Potassium Hydroxide. 


100 

00 

25 66 ] 

36 51 

43 42 

48 05 

61 57 

54’88 

57 80 

60 42 

62 73 

200 

64 93 

66 89 | 

68 73 

70 67 

42 46 

74 07 

75 76 

77*52 

79 05 

80 32 

300 

81 63 

82 99 

84 03 

85 11 

86 16 





— ■ 


Table X. — Vapour Pressures of Aqueous Solutions of Sodium and Potassium 

Hydroxides at 0°. 


Sodium hydroxide. 

Potassium hydroxide. 

Cone 

Relative 
lowering 
of vapour. 

Vap press 
mm Hg 

Cone 

Relative 
lowering of 
vap. press. 

Vap press, 
mm. Hg. 


Normality 

arms, per 100 
rms water 

Normality. 

5 42 

1 353 

0 0414 

4 429 

5 572 

0*995 

0 02832 

4*489 

U 78 

2 945 

0 1030 

4 144 


1 939 

0 0571 

4 35G 


6*125 

0 2201 

3 598 


3 232 

0*0933 

4 196 

27 24 


0 3234 

3*118 

27*14 

4 846 

0 1557 

3 898 

35*18 

8 795 

0*4530 

2*516 

40*40 

7*214 

0 2495 

3 470 

47*44 

11 86 

0 6482 

1 624 

66 80 

11 94 

0*4386 

2 593 



0*7756 

1 027 

107*2 

19*14 

0 6656 

1 547 



i 

I 


174 9 

31*32 

0 3614 

0 638 
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fa that of the ^oln , the relative lowering of the vap press, is (p-p,)/p ® Tammanr 

ha^ aho determined the lowering of the vap press of these soln at 100° The 
maximum vap. press of a sat aq soln of sodium hydroxide at 20° is 1 0 mm, 
and of potassium hydroxide, 0 8 mm. For 0 5 mols. of lithium hydroxide per kilo- 
gram of water at 10o°, 6 Tammann gives a lowering of the vap. press of 15 9 mm , 
of mercury; and with 1 0 and 2 0 mols , a lowering of 37*4 mm and 781 mm 
respectively. C Dieterici has measured the vap press of soln of potassium 
hydroxide ; and G R. Paranjpe, of soln of sodium and potassium hydroxides 
The lowering Of the freezing point 41 of a 0 lSTN-soln of lithium hydroxide 
is but half the normal value for LiOH, and it is therefore assumed that ionization 
is complete ; the f p. of sodium hydroxide falls 0 905° per gram of the hydrate 
Na0H.2H 2 0 in 100 gnus, of water, and not of the anhydrous hydroxide m soln. ; 
and with potassium hydroxide, the f p. falls 0 399° per gram of hydroxide m 100 
gnus, of water, and the lowering is not proportional to the amount of anhydrous 
hydroxide in soln , but rather to the amount of hydrate KOH. 4 H 2 O 

The specific heats of aq. soln. of sodium and potassium hydroxides 42 are shown 
in Table XI. H Hammerl represents the mol ht C of aq. soln containing n mols 
of water per mol. of KOHbvthe expression : C=l8n-28 08+421 11/91—1027 74/w 2 , 
and for NaOH, C=*10n+0 43+0 43+159“85/«— 235 77/fl, 2 According to 
T \V. Richards and A. W Rowe, the sp ht. of soln of KOH+100H 2 0 between 
15*9° and 20T° is 0*9568 ; of Na0H+2(X)H 2 0, 0*9827 . of NaOH+100H 2 0, 


Table XI — Specific Heats op Aqueous Solutions of Potassium and Sodium 

Hydroxides. 

Sodium Hydroxide 


Per cent. K,0 

n in B.OH nH t O 

Sp ht 

Mol nt C 

Mol ht.nHjO.Oi 

0— c 2 

38*34 

80 9 

0 816 

66*0 

40 9 

+25 1 

19*82 

156 5 

0 869 

136*0 

116*6 

+19*5 

7 21 

430 1 

0 924 

397*4 

390*1 

+ 7*3 


Potassium Hydroxide. 


32*72 

143 5 

0*697 

100 0 

87 6 

+ 12*6 

14 98 

314 3 

0 807 

263 6 

268*5 

- 5*9 

6*28 

742 a 

0 900 

673*8 

692 6 

— 18 8 


0 9664 , and of LiOH+ 100H 2 0, 0 9813. The mol ht. of the soln LiOH+100H a O 
is 1791 cals., of NaOH+100H 2 0, 1780 Cals , and of KOH+100H 2 0, 1777, showing 
that the mol. ht. diminish as the at wt. of the metal increases. 

The refractive indices of aq. soln. of sodium and potassium hydroxides, for the 
D-line at 17 5°, according to B. Wagner, 48 are. 

2 4 6 8 10 15 20 per oent, 

NaOH . Z 33866 1*34388 1*3477 1 36334 1 36756 1*36773 — 

KOH . 1 33719 1*34101 1*34466 1 34803 1 36161 1*36921 1 36658 

E. Briner's formula for the mdex of refraction fi for the D-line for sodium hydroxide 
of cono. to grms per litre, is /x=r *3334+0*0002694^— 0*000000289 to 2 ; and for 
potassium hydroxide, /x,=l*3342+0*0001866to— 0*0000001 12ttf 2 . 

In 1801, H Davy stated that 44 “ dry caustic potash and soda are conductors 
of galvanism when rendered fluid by a high degree of heat,” hut the fact made 
little impression, for, about ten years later, he said that water is necessary for these 
substances to conduct electricity. M. Faraday made observations on the electrical 
conductivity of fused potassium hydroxide. The electrical conductivities of aq. 
soln. of the aUcali hydroxides 45 are indicated in Table XII, where v denotes the 
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number of litres that contain a mol. of the hydroxide m soln The electrical 
conductivity of a normal soln. of sodium hydroxide at 18° is 145 Xl0~ 7 ; and of 
potassium hydroxide, lTOnlCT -7 M. H. van Laer electrolyzed iV-soln of sodium 
hydroxide, and found the yield 17 5 percent of that indicated by Faradays 
law , and is dependent on temp , hydrostatic press , diffusion, and electrical osmosis 

Table XII — Molecular Electric ax. Conductivities of Aqueous Solutions of 

the Alkvli Hydroxides 



F Kohlransch at 18°. 

H T Cahert at 15'. 


0100 

0 200 

0 500 

1 0 

20 

40 

8 

16 

32 

LIOH 

_ 


105*4 

125 3 

13SS 

189 1 

198 3 

204 7 

208*9 

NaOH 


15 2 

124 4 

148 8 

163 4 

207 3 

217 8 

222 4 

227 7 

KOH 

42 3 


1504 

172 1 

185 6 

228 9 

237 2 

243 9 

246 3 

RbOH 

— 

— 

— 

— 

— 

240 0 

242 3 

249 1 

250 9 

CsOH 


1 



“ 

241 9 

245 6 

251 '4 

255 7 


The specific electrical conductivity k of sodium hydroxide 40 at a temp 8° is 
k=k 0 (1 +a0+&0 2 ), where k Q) a , and 6 for 2 61 per cent soln are respectively 0 0256, 
0 0298, and 0 000009 , and for 42 7 per cent soln 0 0639, 0 0889, and 0 C04467 
respectively For potassium hydroxide fc=/c 0 {l+cf(d~18) 2 j > where a=0*01936 
and &==0’0000393 for «=0 001 , and «=0 01901 and 6=0 CC00323 for u=0*01. 
The transport numbers of the ions of lithium hydroxide have been measured by 
J. Kuschel , 47 of sodium hydroxide by G Wiedemann, J Kuschel, O. J, Lodge, and 
W Bern ; and of potassium hydroxide by J F. Darnell, E Bourgoin, G. Wiedemann, 
and B J) Steele J. KuscheTs results are for the cation of 0 201 N-, 0‘402iV-, 
and 1 495iV-soln of LiOH, 0 848, 0 862, and 0 890 respectively ; for OT082V-, 
0 285 and 1 084IV-soln of NaOH, 0 843, 0*8CO, and 0*827 respectively , and for 
0 103N-, 0 190#-, and 0 804A r -soln. of KOH, 0*742, 0 730, and 0 739 respectively. 

The large ionic cone of the hydroxylic ions in soln of the alkali hydroxides is 
connected with their strong basic properties. This conclusion has been confirmed 
by measurements of the electrical conductivities, the effect on the velocity of hydro- 
lysis of organic esters, and the heat of neutralization. 48 The degree ol ionization 
of a soln of sodium hydroxide containing 0*002 moL per litre is 94*1 per cent. ; 
1*0 mol , 72*2 per cent. , for 0 00107 mol. of potassium hydroxide, 98 0 per cent. ; 
and for 0*1109 mol KOH, 82 3 per cent According to S Arrhenius, the heat ol 
ionization of sodium hydroxide in ^iWsoln is —1 292 Cals, at 35° The decom- 
position potential 49 of a 2#-K0H soln is 1 70 volt. The decomposition potential 
of molten sodium hydroxide at 390° on two points of the cathode is 1*16 and 
2 06 volts — one Tefers to hydrogen, the other to sodium ions ; at higher temp , the 
lower point is not so sharp. M Chow calculated the free energy of potassium 
hydroxide in aq soln from the emf of cells of the type HgjHgO, KOHlK^*^ 
with tire alkali at different cone, and at 25° 

The dielectric constant of a 5 per cent, soln of potassium hydroxide is 712. 50 
Potassium hydroxide is diamagnetic 51 ; its magnetic susceptibility is —0 35 xlCr® 
at 22°. 

As previously indicated, lithium hydroxide begins to decompose into the 
monoxide 52 when heated above its m p , but the other hydroxides are not so 
readily decomposed, and although some decomposition does occur at a red heat, 
the monoxides of the other alkali metals cannot be obtained in this way. When 
the hydroxides axe heated in air some oxygen is absorbed, and the product then 
furnishes reactions indicating that some peroxide has been formed 

The alkali hydroxides aTe strong bases, and they form neutral normal salts by 
reacting with the strong acids ; the normal salts with the weak acids — e.g. carbonic 
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bone, orthophosphoiic, or silicic acid — have an alkaline reaction According to 
It Pictet, 53 cone sulphuric acid does not attack the hydroxide at temp, below 
— SO 0 . When alkali hydroxide is fused with most of the silicates, phosphates, or 
sulphates, a soluble alkali salt is formed, and hence fusion with potassium or sodium 
hydroxide (or carbonate) is a favourite method for opening up these insoluble com- 
pounds preparatory to analysis. The sodium hydroxide is usually preferred to the 
potassium compound because of the greater ease with which the sodium salts axe 
subsequently washed from the precipitates Soln. of the alkali hydroxides pre- 
cipitate the hydroxides of most of the metals from soln of theii salts, and, with 
the exception of the hydroxides of the alkaline earths, these hydroxides are very 
sparingly soluble m water. The hydroxides of lead, antimony, tm, aluminium, 
chromium, and zinc are soluble in an excess of the reagent in virtue of the formation 
of soluble double oxides — e g Pb(0K) 23 potassium plumbite, etc Soln, of the 
alkali hydroxides hydrolyze ethereal salts 

Fox the action of ozone on the alkali hydroxides, see the alkali tetroxides, and 
ozone. Fluorine reacts in the cold, forming the alkali fluoride, water, and ozonrzed 
oxygen Chlorine Teacts with sodium or potassium hydroxide m an analogous 
manner : 2Cl 2 +4K0H+2H 2 0+02, but only at a red heat , m the cold, various 
oxy chlorine compounds are formed The reactions with bromine and iodine aie 
similar. According to A Reychler, 64 the reaction with chlorine peroxide corresponds 
cold with the equation 2GO2+2KOH—KCIO2+KCIO3+H2O. Sulphur gives with 
the alkali hydroxide — soln. or solid — a mixture of the sulphide and thiosulphate 
The reaction between sulphur and the alkali lye is the more rapid the more cone 
the soln ; a soln with but 0*4 grin of sodium hydroxide per litre is said not to he 
attacked either cold or hot ; the solids combine by mere trituration in a mortar 55 
At the m p , fused potassium hj'droxide and sulphur form the pentasulphide and 
a sulphate. Selenium under similar conditions gives the selemde and selenite. 
Nitric oxide is gradually absorbed by potash lye, forming nitrous oxides and 
potassium nitrate. According to F Emich, the reaction at 125° with anhydrous 
hydroxide corresponds with 4K0H+6N0=N 2 +4KN0 2 +2H 2 0 E G Franklm 
and C A. Kraus found sodium hydroxide to be almost insoluble m liquid ammonia. 
M. Skossareswky and N. Tchitchmadz6 66 found that the sat soln between —40° and 
—45° contains between 1 and 4 parts of the compound per million of solvent The 
presence of moisture has a great influence on the solubility. Phosphorus seems to 

S roduce a phosphide and oxyacid salts — phosphite, phosphate, and bypophosphate ; 

ut the phosphide is not stable m the presence of water and forms hydrogen 
phosphide The regular method of preparing hydrogen phosphide is to boil phos- 
phorus with the alkali lye. Aisemc behaves in an analogous manner, forming 
arsenic hvdride and an alkali arsenite. Phosphorus disulphide gives complex 
compounds. 57 The alkali hydroxides axe reduced when heated with carbon, and the 
metal is liberated along with hydrogen and carbon monoxide — according to 
A. A. B Bussy, 68 some hydrocarbons are also formed. M. * C Boswell and 
J. Y. Dickson have studied the oxidation of carbon monoxide by fused sodium 
hydroxide, which results in the formation of sodium formate and oxalate , they 
have also studied the action of the fused hydroxide on phenols and sulphonic acids. 
Alkali formate is formed when the lye absorbs carbon monoxide. K A. Hofmann 
said the reaction is active in the presence of copper ; and, accor ding to M Berthelot 
and 0 llatignon, the heat developed in converting potassium hydroxide to 
the formate is 6 8 Cals According to J. Kolb, and H Debray, the dried oxides 
or hydroxides of sodium and potassium do not increase in weight in an atm of 
dry carbon dioxide, but the moist alkalies absorb carbon dioxide with avidity 
When amorphous silicon is heated to 100° with cone potash lye, the alkali silicate 
and hydrogen are formed Similar products are obtained when the alkali hydroxide 
is fused with silicon. Zinc acts in a similar manner: Zn+2KOH— Zn(OK) 2 +H2< 
Calcium displaces sodium when fused at a red heat with the hydroxide. When 
the hydroxide is fused with silica ox boric oxide, a silicate or borate is formed 
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and water is evolved Fused alkali hy dioxides attack vessels of silver, nickel, 
and gold — silver and nickel resist the best. Platinum is attacked if air has access. 

Fused sodium hydroxidp is active in effecting many oxidations. E Peligot 59 
reported that chromous hydroxide is oxidized m the presence of aq. potassium 
hydroxide with the evolution of hydrogen, and G Bauge obtained 2Cr 3 0 4 .3H 2 0 
by the action of boiling water on potassium chromous carbonate when hydrogen 
and carbon dioxide are evolved , A Wurtz found that hypophosphites with boiling 
aq, alkali hydroxides form phosphates and hydrogen , YY Mutlunann and W Nagel 
similarly converted molybdenum dichloride into trihydroxide M C Boswell and 
J V Dickson oxidized sodium arsenate and ferrous sulphate by fused sodium 
hydroxide ; hydrogen was simultaneously evolved Much hydrogen was also 
evolved with stannous chloride and vanadium sulphate, less with cerous sulphate, 
and still less with uranous sulphate. Neither sodium nitrite nor sodium sulphite 
was oxidized ; this is remarkable in view of the ready oxidation of these salts 
in aq soln The mechanism of these reactions consists ultimately in the decom- 
position of water, the oxygen carrying the oxygen acceptor to a higher stage of 
oxidation and the hydrogen bemg evolved in the gaseous state. Reactions with 
fused or dissolved alkali hydroxides are described m the literature in which the 
other reacting compound acts as both an oxygen and hydrogen acceptor, one mol. 
being oxidized and one mol simultaneously reduced. In such cases the hydrogen, 
instead of bemg evolved m the free state, goes to reduce a second mol These are 
in all probability special cases of the general oxidizing action of alkali hydroxides, 
with probably the same mechanism involving the decomposition of water The 
following are instances of this action : A Ditte observed that stannous hydroxide 
reacts with very strong soln of potassium hydroxide at ordinary temp with 
the formation of tm and potassium stannate, also G F. Rammelsberg observed 
that the lower phosphorus oxy-salts, such as NaH 2 P0 2 .H 2 0, when heated, pass 
into phosphates and phosphine The evolution of hydrogen when many metals 
as aluminium, zinc, and lead are boiled with sodium hydroxide soln. is no doubt 
initiated by this general oxidizing action of water catalyzed by sodium hydroxide, 
Zn+2H s O— Zn(0H) 2 +H 2 

Uses of the alkali hydroxides. — A soln. of potassium hydroxide is used in the 
laboratory as an absorbent for carbon dioxide, the sodium compound is not so often 
used because of the formation of less soluble sodium carbonate which is liable to 
choke the delivery tubes with crystals. Potassium hydroxide is used in making 
soft soaps; the corresponding sodium compound gives the ordinary hard soaps. 
The hydroxide fused with a little lime is used as a cautery — fierre & caut&re . The 
alkali lye is also used as a cleansing fluid, since it forms soluble soaps with many 
greases and fats. The lye also dissolves animal tissues. 

Bbfubehcoss. 

1 J Black, Experiments and Observations , Physical and Literary , Edinburgh, 2 157, 1755; 
Experiments upon Magnesia alba, Quicklime , and other Alcahne Substances , Edinburgh, 1777 , 
Alembic Club Reprints, 1, 1893 ; Lectures on the Elements of Chemistry ; Edinburgh, 1803. 

1 H, L Duhamel du Moncean, Mem. Acad , 59, 1747 » 

* W Homberg, Mbn Acad , 64, 1700. 

4 Letters from M. Lavoisier to Dr. Black, B. A Rep , 189, 1871. 

8 J. P J. D’Aroet, Ann Chim Phys , (1), 68 175, 1808; 0 L BerthoUet, Mhn Inst., 68, 
1810 ; J. L Gay Lussae and L J Th6nard, Recherche* physico-chimiques. Pans, 1. 74, 386, 1811. 

4 G. E Stahl, Specimen Bechertanum, Pranckfurth, 253, 1702. 

7 J. J C Shendan, Brit Pest No 7426, 18S7 , E W. Swinburne, tb , 3134, 1862 ; J P. Gdlard, 
ib , 1790, 1861 ; 1914, 1866 ; E Powers and J. G. Dale, ib , 91, 1863 , A. Laurent, tb , 3340, 
1865; W. Weldon, tb , 2768, 1866; F. Bolton, *6, 14866, 1884; W. Mills, tb , 4661, 1891, 
S Cabot, Ohem. Nem f 81 243, 1876; W. Spring, Ber , 18 345, 1885. 

* C E. Acker, Brit. Pat . No 6637, 14267, 1898 

* J. BUIiter, Die dektrolytische AlhaUchIortdzerlegv.ng mit siarren Eleltroden, Halle, 1912; 
E. Luoion, Die electrolyttsche Alkalischlondzerlegung mit flUssigen Metalkathoden, Halle, 1900, 
M, H. van Laer, Bee. Trav. Chim. Paye-Bas , 89. SOI, 1920 ; S. S. Sadtler, U.S. Pat No. 1351693, 
1919. 



510 


INORGANIC AND THEORETICAL CHEMISTRY 


10 w n Lake Ber , 3 41, 1870, D C Knab, ib , 11 1458, 1878: C W Scheele, CrdVs 
Ann , ii, 2-0, ITS 7 

11 ] ru'iur, Bnt Pat No 1281, 1781 , C Watt and T R Tebbutt, \b , 7538, 1838, J, Hunt, 

%b, SOart, 1S30 , 8 Roubotham. ib , 2077, 1800 t F M Racket, ib , 939, 18G9 , 2401, 1870, 
4144, 1&S2 , D C Knab, ib , 3US2, 1S77 , F T Romiqmfcies, ib t 14977, 1888 , A C Voumassos, 
ib 23089, 1908. F. R Curaudau, Join n Phy* t 41 108,1792, J F A Gottling, Almanack far 
Schudclunstler und Jpothclcr , , Weimar, 1781 , It C Claphani, Tyneside Nat Field Club , 4 332, 
1858, CAc?yz. 21. 148, It GO; G Au^terweil, Untersuchungen ube? da* Schecle’sche 

A*fznaitoniafalmn> Zurich, 1906 

« F M Bachet, Bn/. Pat No. 939, 1SGD, 2401, 1870, E Beil .and G Austerweil, Zexi 
Z7 if troth »t«, 13 105,1907 

« C I .own?, Bn* Paf A T o 4364, 1882 ; L Mond and D B Hewitt, ib , 1874, 1SS7 
14 Anon, Ohem Trade Jonrn , 66 299, 1920, 67 503, 1020, B Neumann and E Kaiwat, 
Zed EleUrochem , 27 114, 192J 

ls M le Blanc and K. Novotny, Zcit. anorq Chan , 51 181, 1906 . G. Bodlander and R Lucas, 
Zeit angew Chem.,iS 1137,1905, G. Lunge and J Schmid, Ber , 18 3286, 18S5 , R. Wegscbeider 
andH Walter, Liebig s Ann , 351 87, 1907 ; R. Wegseheider, Monatsh ,28 555, 1907 ; H Walter, 
ib . 28 543, 1907 , A. d’Anselme, Bull . Soc . Chim , (3), 30 936, 1903 , W Smith and W. T Liddle 
Chan. News 43. 8, 1881 , C F. Rammelsberg, Chem lnd , 4 50, 1881 , C Reidemeister, ib , 4 
75, 1881, C R A Wright, Joum . Chem Soc, 20 47, 1867; A Scheurer-Kestner, Bull Soc 
Chim , (2), 18, 483 1873 t M. H. van Laex, Bee Tiar Clam Pays-Bas, 39. 301, 1920 
18 E W. Parnell, Bni Pat No 4144, 1877 

17 A. Arfvcdson, Ann. Chim Phys , (2), 7 197, 284, 313, 1818 ; (2), 10. 82, 1819 , L Troost, 
ib ., (3). 51. 103, 1857 ; 0 G Gmelin, Gilbert "s Ann , 62 399, 1819 

18 G Lunge, The Manufacture of Sulphuric Acid and Alkali, London, 3. 226, 1911 , J. Herold, 
Ueber die Kaustification des Kahumsulfates, Munehen, 1905 

18 T Graham, Edm Joum Science , 7. 187, 1827 ; J Davy, ib , 6. 132, 1827 ; P Berthier, 
Trait e des easais par le vote seche , Pans, 1. 392, 1834 ; W R Dunatan, Pharm Journal , (3), 16 
778, 1886, J, Messmger, Zeit. angew . Chan , 3 26, 1889, E. F. Smith, Chem. News , 61 
20, 1890; N Robinson, ib , 70 199, 1894, E Donath, Dinglefs Joum , 240. 318, 1881. 

20 C L Berthollet, CreWs Ann., u, 211, 178G 

81 F W. Kuster, Zcit anorq Chem., 41 474, 1904 , 13 134, 1 897, W. A Smith, Zeit phys 
Chem ,25 155, 1808 , H Ley, ib., 30 205, 1899 , W R Bousfieldand T M Lowry, Phil Trans , 
204 353, 1905 ; W N Hartley, Joum Chem, Soc , 26. 123, 1873 , C P Hopkins, Joum Amer. 
Chem . Soc , 23 727, 1901 ; H Thiele and R Marc, Zeit affent Chem , 10 380, 1904 , R Gaze, 
Apoth Ztg. y 25 668, 1910. 

** E Filhol, Ann. Chim Phys , (3), 21 415, 1847; H Schiff, Liebig's Ann, 107. 300, 1858 , 
W Q. Smith, Amer Joum Pharm ,53 145, 1881 , G von Hevesy, Zeit. phys Chem , 73 667, 
1910 

28 W. Dittmar, Joum Soc Chem Ind, 7 730. 1888, R de Fororand, Compt Bend , 144 
1402, 1907 , G von Hevesy, Zeit phys Chem , 73 667, 1910 ; G Scarpa, Atti Accad Lincei , 
(5), 24 i, 738, 955, 1015 , 24 n, 476, 1915 ; B Neumann and E Bergve, Zeit EleUrochem , 20 
271. E914, R. deForcrand, Compt Bend , 142 1255, 1906 

14 J Johnston, Zeit phys. Chem, 62 330, 1908, D D. Jackson and J J. Morgan, Joum. 
Ind Eng Chem , 13 118, 1921 

** J Thomsen, Thermochemische Untersuchungen, Leipzig, 1883, Thermochemistry , London, 
1908; Pogg Ann, 148. 354, 497, 1871 ; N. N Beketoff, Md;n. Acad St Petersbuig, (7), SO 217, 
1883 ; Bull. Acad. St. Petersburg, 32 186, 1888 , S3. 173, 1890 , 35. 541, 1894 , R de Fororand, 
Compt Bend , 145 702, 1907; 149 825, 1341, 1909; Ann Chim Phys, (8), 15 433, 1908, 
P A Favre and J. T Silbermann, ib , (3), 37 443, 1853 , A Joanms, ib , (6), 12 376, 1887 , 
E Reogade, Compt Bend, 146 129, 1908, 145 236, 1907. 

fft J Thomsen, Thermochemische Untersuchungen, Leipzig, 3 82, 1883 ; M Berthelot, Ann 
Chim . Phys, (5% 4. 613, 1875, T W Richards and A W Rowe, Zeit phys. Chem, 64 199, 
1908; Proc. Amer. Acad., 49 173, 1913, N N Beketoff, Mtm. Acad St Petersburg , (7), 30. 217. 
1883; BuU. Acad. St Petersburg. 34 521, 1892 , 35 541, 1894, R deForcrand, Compt Bend , 
142 1262, 1906 ; 146 217, 511, 802, 1908 ; 133 223, 1304, 1902 ; 160 1399, 1910 ; E Rengade, 
ib., 146, 129, 1908; F^ R Pratt, Joum. Franklin Inst., 185. 663, 1918 

87 S U Pickenng, Joum Chem. Soc , 63 909, 1893 , Phil Mag , (6), 87 359, 1894 ; 
J. T. Lowitz, CrdVs Ann , i, 306, 1796 ; A Bmeau, Compt. Bend , 41 510, 1855 , J Dalton, 
A New System, of Chemical Philosophy, Manchester, 2 293, 1810 , H Schiff, Liebig's Ann , 107 
300, 1858 ; W. Dittmar, Joum Soc Chem 2nd , 7 731, 1888 , 0 Gottig, Ber., 20 2912, 1887 , 
G T Gerlach, Zeit anal. Chem , 26 413, 1887 

18 S XL Pickenng, Joum Chem Soc , 63 890, 1893 , F. Rudoiff, Pogg Ann , 116. 67, 18G2 , 
R Dietz, Abh. phys tech Reichsan&t , 3 450, 1900 

19 S, TL Pickenng, Joum Chem Soc , 63 908, 1893 , P. Ferchland, Zeit anorg. Chem., 30 
133, 1902 

W. H Schramm, Chem. Ztg,, 48 69, 1919; P Walter, Pogg. Ann „ 39. 192, 1836 
« R. de Foiorand, Compt Bend , 142. 1252, 1906 , Ann Chim Phys , (8), 9 139, 1900 
** F. A, H Sohreirmmakers and A. Filippo, Chem. Weekblad , 8 157, 1906. 

** F. Kohlrausoh, I Tied Ann., 6 1, 145, 1879 ; W 0 Rontgenand J Schneider, ib , 29 165* 
1886; J. G, MacGregoi , Chem. News, 62 223, 232, 1891. 



THE ALKALI METALS 511 

34 8. U. Pickering, Journ Chem. Soc, 83 890, 1893, Phil Mag., (5), 37. 359, 1894; 
YV II Bousfield and T M. Lowry, Phil Trans , 204 279, 1905 , R. Wc 2 >uheider and H. Walter, 
Monatsh ,27 085,1905; 27 10,1905, II Beithelot, An?i. Chim Phy3 ,{6), 4 445,469, 514. 520, 
1875; H SchifF, Liebig's Ann , 107 300, 185S, E H Loomis, Wtcd Ann, 60 547, 1897; 
G* T. Gerlach, Zeit anal Chem , 8 279, 1869; Specifische GeuicMe der gebrauchhcJistcn Sab- 
Idsunqcn , Freiberg, 1859 ; J G MacGregor, Trans, Xoia Scotia Inst , 7 308, 1889 ; Chem Xeios, 
64 77, 1891 , P Ferchland, Zeit anorg Chem , SO 130, 1902 

88 K Zepenuck and G Tammann, Zext phy3. Chem , 16 669, 1895 ; C Foret, ITi ed Ann , 
55 120, 1S95, M L. Frankenhum, Pogg Ann , 40 44, 1837. 

« J Thovert, Compt. Pend , 133 1197, 1901 , 134 594, 1902 ; Ann, Clam Phys , (7), 26 

366, 1902 ; S ArrhemuB, Zcit phys Chem , 10. 51, 1892 , L \V Ohulm, ih , 50 309 KK)5 ; 

J 11 R Scheffer, ib , 2 390, 1888 , J Stefan, Momttih , 10. 20, 1889 

,T A Kamtz, Zeit phys Chem, 22 336, 1897, 0 Wmther, ib , 56 465, 1906; E. Rimer, 

Journ Cktm Phys , 4 547, 1906 , O Pulvermacher, Zeit anorg Chem , 113 141, 1920. 

33 W C Rontgen and J Schneider, XVwd Ann, 29. 165, 18SC ; 31 1000, 1887, 38 645, 
18S8, 34 531, 1888, Y Schumann, xb , 31 14, 1887; O Schmidt, Sitzber Akad Wten, 114, 
945, 1905 

*• G T Gerlach, Zeit ami Chem , 26 464, 1887 , Ueber Siedetemperaturen der Saldlsungen, 
Wiesbaden, 1887. 

40 C Dietenoi, T Vied Ann , 50 47, 1893 , 62 616, 1897 ; 67. 859, 1899 , C Tammann, %b , 
24 530, 1885; Mlrn Acad St Petersburg, (7), 35 1, 1887, H Lescaw, Compt PptuI , 103 
1200, 1886, L Errera, Gazz Chun Ital , 18 227, 1888; A Wn Liner, Pogg Ann., 110 504^ 
I860, G R Paranjpe, Jomn 2nd, Inst Science , 2 59, 1918. 

41 F M Raoult, Compt Pend, 97 941, 1883; Zeit phys Chem, 2 489,1888; S Arrhenius, 
2 495, 1888; H. C Jones, xb., 12 632, 1902 ; S U Pickering, Journ Chem Soc , 63 909, 1893 , 
F Rudorff, Pogg Ann , 114 77, 1862 , 116 55, 1862 ; L C de Goppet, Ann. Chim Phys , (4), 
24 549, 1871 ; E. H Loomis, Wied. Ann , 60. 532, 1897 , H Hauorath, Ann Physik, (3), 9. 
547, 1902 

4B H Hammer], Compt Rend , 90. 694, 1880, J. Thomsen, Pogg Ann , 142. 337, 1871; 
G Tammann, Zeit phys. Chem., 18. 625, 1895 ; T W Richards and A W. Rowe, tb , 84 585, 
1913 ; Pioc Amer Acad , 49. 173, 1913 ; A. Blumcke, Wxed Ann , 25 417, 1886 

48 B Wagner, TabeUenzum Eintauchrefraktometer, Sondershausen, 1907 ; J von Fraunhofer, 
Gilbert's Ann, 56 264, 1817, E Bnner, Journ Ohim. Phys , 4 547, 1906; V der Willigen, 
Arch Mus Teyler, 3 15, 1874 ; M. la Blanc, Zeit. phys Chem , , 4 305, 1890 ; M le Blanc and 
F Rohland, tb., 19 261, 1896 ; J H. Gladstone and W Hibbert, Journ, Chem Soc , 67 831, 
1895 

44 H. Davy, Journ Boy. Inst , 53, 1802 ; Elements of Chemical Philosophy , London, 169, 
1812 ; 1L Faraday, Phil. Trans., 123 507, 1833 

45 H T Calvert, Zeit. phys Chem , 38. 513, 1901 ; W. R. Bousfield and T. M Lowry, PkiL 
Trans , 204 253, 1904; F. Kohhausch, Wied Ann , 6 1, 145, 1879 , A R Foster, Phys Pev., 
8 257, 1899 ; H H van Laer, Pec Trav Chim Pays-Bas, 39 301, 1920 

48 F Kohlrausch and O Grotrian, Pogg Ann , 154 1,216, 1875; J Kuzlz, Zeit phys Chem., 
42 591, 1903 

47 J Kuschel, Wied Ann., 13 289,1881 ; W Bein,Ze»t phys Chem, 27 1,1898; A A Noyes 
and A A Blanchard, xb., 86 1, 1901 ; G. Wiedemann, Pogg Ann, 99. 177, 1850; O. J Lodge, 
B. A. Pep , 389, 1880 ; J. F Darnell, Phil. Trans , 130 209, 1840 ; B. D. Steele, ib , 198 105, 
1902; Journ Chem. Soc , 79 414, 1902, E Bourgoin, Ann Chim. Phys, (4), 14 157, 1768 

48 W Ostwald, Journ praJct Chem, (2), 36 112, 1887; S. Arrhenius, Zed phys Chem , 9 
340, 1892. 

4 * G. Hostelet, Zeit Eledrochem ,11 889, 1905; O Saohuer, Zeit anorg. Chem., 28 385, 1901 , 
M. Chow, Journ Amer. Chem Soc , 42 488, 1920. 

80 J Dewar and J. A Fleming, Proc. Roy . Soc , 62. 260, 1898. 

81 G Neshn, Compt. Pend , 140 782, 1905 

81 W. Dittmar, Journ Soc . Chem. Jnd 7 730, 1888; R. de Forcrand, Compt . Pend., 142. 
1255, 1906 , H. St C. Devillo, tb , 45. 857, 1857. 

« R Pictet, Compt Pend , 115. 84, 1892. 

84 A Reychler, Bull Soc. Chim , (3), 25 659, 1901. 

88 M J hordes and A Gdlis, Compt Rend., 28 211, 1846 ; E Filhol and J B. Senderens, 
tb 96 839 1883. 

88 M Skossareswky and N. TchitchinadzA Journ Chim Phys , 14 163, 1916 , E. C. Franklin 
and C. A Kraus, Amer Chem Journ , 20 820, 1898 , E Emich, Monatsh , 13 90, 1892 

87 G Lemome. Compt Pend, 98 45, 1884 ; M C. Boswell and J V Dickson, Journ Amer 
Chem Soc, 40 1773, 1779, 1786, 1918 ; J Kolb, Compt. Rend , 64 861, 1807 ; M. Berthdot and 
0 Matignon, ib , 114 1145, 1892 ; BL Debray, tb, 62 003, 1866. 

88 A A B. Bnssy, Journ. Pharm Chim , 8. 286, 1822 , K A Hofmann, Ber .. 53 914, 1920. 

89 M. C Boswell and J. V. Dickson, Journ Amer . Chem Soc., 40 1773, 1779, 178b, 1918 ; 
E. Peligot, Ann Chim Phys , (3), 12 538, 1844; A, Ditto, ib , (5), 27 145, 1882 , G. Baug6, 
Compt Pend L, 127 561, 1898 ; A Wurtz, tb , 18. 702, 1844 ; IAebiq's Ann , 43. 318, 1842 , 58. 
49, 1846 ; W Muthmann and W. Nagel, Ber , 31 2009, 1898 ; C. F. Rammelsberg, tb , 5 494, 
1872. 



512 


INORGANIC AND THEORETICAL CHEMISTRY 


§ 12. The Alkali Fluorides 

The complex fluorides are m many ways clo&elj analogous with the complex salts of the 
other halogens, but, owing to thepecuhaiity of the alkali fluoi ides m uniting m abimolecular 
form withTthe metal fluondea, a new factor comes into consideiation, and this introduces 
bo many c mpli cations that the likeness appeaie less than it real'y is — P Pf jeiff jcr (1902) 

Sodium fluoride occurs m combination with some minerals — e g cryolite — and 
the fluorine m many natural waters is probably combined as sodium fluoride. 
All the five alkali metals form normal fluorides of the type RF , and acid fluorides 
RF HF, or still higher acid fluorides RF wHF are known 

The preparation o£ the alkali fluorides. — The normal fluorides, RF, are formed 
when the metals are exposed to the action of fluorine or hydrogen fluonde gas, 1 
and also when the alkali metal is exposed to the vapour of boron trifluoride, silicon 
tetrafluonde, and other metal fluorides These modes of formation are not suitable 
for the preparation of the alkali fluorides J, L Gay Lussac and L J. Thenard 2 
prepared potassium fluoride in 1811, and J. J Berzelius, lithium fluoride in 1824, 
by treating the hydroxide or carbonate with hydrofluoric acid in a platinum dish 
It may he necessary to Alter off a little fluosihcate derived from the hydrofluosihcic 
acid present in the hydrofluoric acid as an impurity The soln is evaporated to 
dryness and calcined This pi o duct always has an alkaline reaction, presumably 
because the fluonde is slightly hydrolyzed . KF+H 2 O=K0H-f-HF According to 
M. Guntz, 3 it is best to make the normal fluoride by calcining the acid fluonde 
KF.HF. The residue is then quite neutral to the usual indicators This method 
of preparation is particularly applicable to lithium fluonde C. Chabne recom- 
mends heating the acid fluonde of caesium or rubidium with ammonium fluoride in 
order to make the normal fluonde, CsF, or RbF J J Berzelius 4 made sodium 
fluoride by boiling a cone aq soln of sodium fluosilicate, Na 2 SiF 6 , with sodium 
carbonate ; evaporating the soln until it became opalescent through the separa- 
tion of silica , decanting off the mother liquor , and evaporating the soln. to dry- 
ness The mass was then mixed with ammonium carbonate , calcined ; and 
finally crystallized from aq soln. 

J. Reich 6 also patented a process based on the calcination of the alkali fluosilicate 
or fluoborate with an oxide of the alkaline earths. "When the calcined mass is 
lixiviated with water, the alkali fluoride is obtained in soln L Schuch 6 made 
sodium fluoride by boiling finely powdered cryolite with a cone soln of sodium 
hydroxide — the alumina and silica pass mto soln — sodium fluonde crystallizes 
from the cooling soln Sodium silicate can ]?e used in place of the hydroxide. 
F. Jean made sodium fluoride by leaching a calcined mixture of fluorspar, limestone, 
Glauber’s salt, and charcoal 

If th e sol n. of the potassium salt be evaporated above 40°, anhydrous cubic 
crystals, KF, are obtained, but below this temp , long prismatic crystals of the 
dihydrate of potassium fluoride, KF 2 H 2 O. The hydrate is also obtained by 
evaporating a soln. of potassium fluonde in vacuo ; or by precipitation from the 
aq soln. by the addition of alcohol 7 At temp below 2C°, a tetrahydrate of potas- 
sium fluonde, KF 4H 2 0, melting at 19*3°, is formed Rubidium fluoride forms two 
hydrates, 2RbF.3H 2 0 and 3RbF.H 2 0 ; and csesium fluonde the hydrates 2CsF 3H 2 0 
and 3CsF.2H 2 0. . 

Properties of the alkali fluorides. — The anhydrous alkali fluorides crystallize m 
the cubio system.® Lithium fluonde forms regular octohedrons and nacreous plates , 
sodium fluonde crystallizes in cubes, but in presence of sodi um carbonate, the crystals 
are octohedrons. The cubic crystals are frequently en tr emits H Schwendenwein 
has discussed the space lattice of the alkali fluorides, and K Fajans and H. Grimm 
estimated the distance of the atoms apart in sodium and potassium fluorides to be 
respectively 2*34xl0~ 8 and 2*67 X 10“* cm. , and the respective lattice energies to 
be 210 4 and 192 2 Cals, per mol. The taste of potassium fluonde is acrid and salty. 
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The specific gravities of the fluorides are : lithium fluoride,® 2 '5364 to 2*612 — 
F. W Clarke gives 2 295 at 21 5° ; sodium fluoride, 2*558 at 41°, according to 
F. W Clarke, and 2 766 according to H C. F Schroeder , potassium fluoride, 2*096 
at 21*5°. K. Fajans and H. Grimm have investigated the mol. vol of the alkali 
fluorides, the} estimate the mol. vol. of rubidium and caesium fluoride to be 
respectively 28 8 and 29 1 c.c at 25°. J. M Jager’s values for the sp. gr., the 
surface tension (ergs per cm ), and molecular surface energy (ergs per sq. cm.) of 
the molten fluorides are indicated in Table XIII 


Table XIH. — The Specific Gravities and Surface Tensions of the Molten 

Alkali Fluorides. 


Temp 

Surface tension. 

Sp. gr. 

Mol. surface 
energy 

Temp coeff, 
per degree 

- ~ / 868 6° . 
LlF 11270“ 

• 


249 5 

1*789 

1485 4 

0 40 

■ 


201*1 

1 599 

1290 4 

0 70 

NaF J * 

11540° 



199 5 

1 936 

1551 8 




143 5 

1 634 

1249 8 


/ 912-7° 

KF { 1310° 



138 4 

1 869 

1368*1 




104 9 

1*604 

1148*4 


DU-p f 802 *6° • 

RbF i 1085*4° 



127 2 

2*894 

1389 2 

1*13 

• 



2*605 

1197*2 


CbF J 722*5° . 

tnoo 0 

» 



3*583 

1270*0 


• 


78*9 

3*117 

1052 3 

0 36 


J. M. Jager gives for the sp. gr. D of molten lithium fluoride at 
0° (water at 4° unity), Z)=T798— 0 0004375(0 — 850) , sodium fluoride 
Z>=1 942— 0 000564(0— 1000) ; potassium fluoride Z>=1 878— 0*000669(0— 900) , 
rubidium fiuonde Z)=2 873-0 000967(0 -825) -0 000000247(0 -825) 2 ; and for 
caesium fluonde, D= 3 611 — 0 001234(0 — 700) 

When pure and dry, potassium fluoride can be kept m glass vessels, but if moisture 
be present, the glass is etched. Soln. of the fluonde also etch glass and porcelain, 
and some silica is dissolved 10 According to T. H Norton and D. M Noth, 11 
potassium fluonde volatilizes in the hottest part of the Bunsen flame about three 
times as fast as the same amount of the ohloride ; and sodium fluoride about eight 
times as fast as the corresponding chlonde ; and S. Waldbott found that about 
half a gram of sodium fluoride lost Q 4 per cent, when heated 6 nun. over the Bunsen 
flame — the residue had an alkaline reaction, showing a slight decomposition had 
taken place. According to C. Poulenc, 12 lithium fluoride is partially volatilized 
when heated to 1100° or 1200° m a stream of hydrogen fluoride. The melting points 
which have been reported are not very concordant Many determinations have been 
made on more or less impure samples, and more care seems to have been taken 
in eliminating errors m the temp, determinations than in purifying the^ salts. 
E Hin t. z and H. Weber 13 reported a sample of commercial salt to contain 65*65 
per cent of sodium fluonde and 3*97 per cent, of water. The remaining impurity 
contained: NaCl, 0 74; Na 2 CO s , 13*89; NaaSO*, 1*96; K 2 S0 4 , 0*74, CaC0 8 , 
0 25; MgCO a , 0 32; Fe 2 0 3 , 0*48; A^Os, 0 17; N^O (as silicate), 1*50, Si0 2 
(partly as sodium silicate), 10*11 per cent. T. Camelley 14: gives 753° ±9° for the 
mp of rubidium fluonde , and 0. Ruff and W Plato give 855° for potassium 
fluoride ; but numbers ranging from 867° to 837° have been given for the f.p. of 
potassium fluonde. G Scarpa gives 857° ; W. Plato, 859 9° ; B. Karand^eff, 
867° ; N. S Kuxnakofl and S. F. Schemtschuschny, 837° ; N. A. Puschin and 
A Y. Bascofl. 885° Similarly foT sodium fluoride the numbers vary from 980° to 
997° — -N. A Puschin and A Y. Basko fl give 1040° ; N. S. KumakoS and 
S. F. Schemtschuschny, 997° ; O. Ruff and W. Plato, 980° ; G Scarpa, 1005° ; 
and W- Plato, 992°. For lithium fluonde T. Camelley gives 801° ±15°, and 
VOL. IL 2 L 
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G. S< nrpa, 840". According to N A. Puschm and A V. Baskoff, tlie Lest repre- 
sentative values are . 

’ iF JfaF K.F Rl)F CaF 

sip . . 870° 1040“ 885° 833" 715° 

The f p curves of several binary systems have been worked out , thus, with potassium 
chloride and fluoride, W Plato 15 obtained the typical V-curve with a eutectic at 605° 
corresponding with 61 mols per cent of KC1 , with potassium fluoride and bromide 
the eutectic melts at 610", when 77 per cent, of the bromide is present, and with 
potassium fluoride and iodide, the eutectic melts at 580° when 87 per cent of the 
iodide is present , with sodium chloride and fluoride, the eutectic is at 675°, corre- 
sponding with 72 5 mols. peT cent of NaCl Mixtures of sodium and potassium 
fluorides also have a eutectic at 700°, corresponding with 60 mols per cent of KF 
With potassium sulphate and fluoride. B KarandeeS obtained two eutectics . 
one at 883°, corresponding with 41 mols, per cent of the sulphate , and the other 
at 788° , corresponding with 83 mols. per cent. The intervening maximum corre- 
sponds with the compound KoSO^KF, which melts at 887°, and decomposes at 
temp below 578° With sodium fiuonde and sulphate, A Woltexs found two 
eutectics at 773° and 742° respectively, corresponding with 40 and 70 mols per cent 
of Na 2 S0 4 , the intervening maximum melts at 781°, corresponds with Na 2 S0 4 .NaF 
Sodium fluonde has an enantiomoxphic transition pomt at 105°. J C G de Mangnac 
prepared hexagonal crystals of the double salt NaF !Na 2 S0 4 by crystalliza- 
tion from sulphuric acid sat. with hydrogen fluonde It can he recryBtallized 
from water without decomposition A Wolters also studied the ternary system 
EaCl— NaF— NaoSG 4 . The transformation points of sodium and potassium 
hydroxides axe lowered by the corresponding fluorides G Scarpa found the 
binary mixtures of lithium fluonde and hydroxide ; sodium fluonde and hydroxide , 
and of potassium fluonde and hydroxide gave two solid soln. with a miscibihty 
break. 

According to E. Baud, the specific heat of sodium fluonde 10 between 15° and 
53° is 0 2675 , and according to J N Bronsted, between 0° and 20°. 


Sp ht . 
Mol ht. . 


r ATT 

0 3725 
9 66 


NaX 
0*2610 
10 96 


TTF 

0 1997 
11-80 


RbP 
0 1153 
12 04 


CbP 

0 0796 
12 09 


F. Koref found the sp ht and mol. ht. of sodium fluonde between —191 0° and 
—82 5° to he respectively 0 1740 and 7*31 , and between 0° and —75 2°, 0 2483 
and 10 43. Similarly, for potassium fluoride between —191 6 and —81*8°, 0 1559 
and 9 06 ; and between 0° and — 76 4°, 0 1930 and 11 21. According to W Plato, 17 
the heats of fusion of sodium fluonde is 186 1 cals,, and of potassium fluonde, 108 0 
cals, per gram. G. Bartha found potassium fluoride volatilized rapidly in vacuo 
at 910° The heat of formation of lithium fluonde is Li+F+aq.==IaFaq 
+115*8 Cals ; with sodium fluonde: Na solld +F gftS =N'aF solld +109*3 Cals., 
and with potassium fluonde, 115 2 Cals. A. Guntz gives 110*6 Cals The heats of 
formation of the alkali fluorides from solid hydrogen fluonde are NaF, 8*3 Cals ; 
KF, 12 8 Cals ; RbF, 13*8 Cals. ; and CsF, 14*77 Cals The heat of neutralization 
of hthium fluonde, according to E Petersen, 18 is HFaq +LiOHaq =LiFaq.+16*4 
Cals. ; the usual value for the heat of neutralization of an acid by a base is 13*7 Cals , 
and the deviation from this value by lithium fluonde supports the view that the 
polymer Li 2 F 2 is formed. With sodium fluoride, the heat of neutralization is 16 27 
Cals. The heat of solution of sodium fluoride is NaF Bobd +400H 2 0 is —0*6 Cal ; 
of anhydrous potassium fluonde, at 20°+3 6 Cals , and for the dihydrate —1 0 Cal 
Henoe the solubility of the anhydride must decrease with a rise of temp , that 
of the hydrate increase The heat of hydration, KF+2H 2 0— KF^H 2 0+4 6 
Cals. 

The solubility of the alkali fluondes increases in a marked way in passing from 
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the lithium to the potassium salt According to F. Mylius and R Funk, 39 100 gnus, 
of water dissolve 0 27 grm. of lithium fluoride at 18°. The low solubility of 
litlmim fluoride is supposed to support the assumption that the salt is present as 
Li 2 F 2 — a salt of the dibasic H 2 F 2 The salt is still less soluble in the presence of 
ammonium fluoride, or ammonia — according to A Carnot, one part of lithium 
fluoride is then soluble in 3400 of the reagent With sodium fluoride there is a 
eutectic at —5 6° , and at 15°, a sat* soln contams 3 83 per cent, of the anhydrous 
salt, and at 1S°, 4 22 per cent A Ditte found that at 21°, the solubility of sodium 
fluoride m hydrofluonc acid first decreases to a minimum and then increases with 
increasing cone, of the acid, such that 100 gnus, of water have in grams : 

HF . • . .0 100 4 58 5 05 S 38 12 97 59 64 77 74 

KaF . . . . 4 17 4 14 2 25 2 27 2 29 2 38 4 S8 8*17 

Similarly, with potassium fluonde in hydrofluonc acid : 

HF . . . . 0 1 21 3 73 G 05 12 50 20 68 74 20 119 20 

KF . . . . 963 720 404 30*4 30 5 38 4 103 0 3G9 5 

the rmniTrmni conespond with a soln containing 11 36 grms of HF and 29 G gims. 
of KF. Potassium hydrogen fluoride is formed which increases with the cone, of 
the acid, and with the proportions of normal fluonde in accord with the mass law 20 
F Mylius and R Funk found 100 grms. of water dissolve 92 3 grms. of potassium 
fluonde at 18°, for 100 guns of the sat. soln contain 48 grms of BE, and the sp gr. 
of the soln is 1*502. According to H. Rose, below 40°, the solid phase is the 
dihydrate, KF 2H 2 0 , above 40°, the anhydrous salt. Potassium fluoride is very 
sparingly soluble in alcohol , it dissolves m aq. alcohol, and in cone. soln. of potassium 
acetate . 

The specific gravity of a solution of hthium fluoride, sat at 18°, is 1 003. The 
sp. gr. of soln of sodium fluonde, according to Gr. T. Gexlach, are for a 1*11 per 
cent soln at 15° (water at 15° unity), 1*0110 ; a 2*22 per cent soln , 1*0221 ; and 
a 3 32 per cent soln., 1 0333. The sp gr of aq soln of potassium, fluoride deter- 
mined by F. Kohlrauseh, at 18° (water at 4° unity) : 

KF . , . , 6 91 12 24 22 51 335S 39 97 

Sp gr . . 1 0575 1*1025 1 2000 1 3070 1*3780 

G Tammann 21 has determined the lowering of the vapour tension of water, by the 
addition of x grms. of the salt to 100 grms. of water at 100°, in mm of mercury ; 

KaF . „ . . 2 48 4*46 4*66 — — — — — * 

KF . • » • — — — 4*71 9 98 34 26 42-17 54*76 

Lowering . . . 13 9 24*4 25 1 17 8 41*8 164 1 206*9 274*0 

The partial pressure of ammonia and water at 25° is 13*45 mm ; m JW-soIn of 
potassium fluonde 16 04 , iniY-KF, 18 65 ; and in 1 5N-KF soln. 21 47 min. 22 The 
partial press, of the ammonia is therefore raised proportionally with the cone, 
of the salt, where it would probably he lowered if the fluonde formed a complex 
with ammonia According to W. Blitz, 23 the freezing point of a soln containing 
0*3379 grm of potassium fluonde per 100 grms. of water, 0*202° ; and with 1*031 
grm of salt per 100 grms. of water, 0 595 ; and with 5*445 grms of salt, 3 168°. 
The depression of the f .p of rubidium fluoride was measured by H. Eggeling and 
J. Meyer. With 16 of water and 0 2005 grm of salt, the f p, was depressed 0*414° ; 
with 36 of water and 0 0024 grm of salt, 0*906°. The corresponding mol. wt are 55 7 
and 56 8 The theoretical value for RbF is 104. Hence, the normal rubidium 
fluonde in aq. soln. is probably brmoleoular, and almost completely ionized : RbF 
=Rb*+F' in diL soln This also is the case with potassium fluonde. 

The mol. electrical conductivity of a Boln, of ptAassimn fluonde at infinite 
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dilution is 111 35 ; and of sodium fluoride 90*15 The mol. conductivities A at 18° 
for eoln. containing n mols. of the salt per litre, when the degree of ionization is a : 


n 



. O 0001 

0 001 

0 01 

0 1 

0 2 

0 6 

1 0 

NaF 



. 89 35 

87 86 

83 48 

73 14 

68 0 

60 0 

61 9 

U 


. 99 1 

97 6 

92 6 

81 1 

76 4 

66 6 

67 6 

KF - 



. 110 47 

108 89 

104 28 

94 02 

— 

82 6 

70 0 

u 


• 99 2 

97 8 

93 7 

84 4 

— 

74 2 

68 3 


S. Arrhenius 24 estimates the temp coefl of the conductivity of sodium fluonde 
between 18° and 40° to be about 0 0253 per degree , and the heat of ionization of 
sodium fluonde to be 0 084 Cal. F M Jager and B Kampa measured the mol. 
conductivity, /x, of potassium fluoride at 0° between 863° and 975°, and found 
/&= 101 8+0*3163(0—900). According to A. Heydweiller, the dielectric constants 
of powdered and compact sodium fluonde are respectively 2 09 and 3*94 ; and 
for potassium fluoride 2*82 and 5*92. 

The stability of the alkali fluondes increases m passing from sodium to caesium. 
Lithium fluoride is scarcely attacked by water vapour at a red heat Potassium 
fluoride is very deliquescent H Pauk 25 could detect no bypofluorites or fluorates 
when aq soln. of potassium fluonde were electrolyzed ; but much ozone was formed. 
The alkali fluondes are decomposed by cold cone, sulphuric acid and also by 
chlorine. If a stream of dry hydrogen chloride is passed over potassium fluoride 26 
at ordinary temp., potassium chlonde, and potassium hydrogen fluonde are formed ; 
if heated, the latter is decomposed into the normal fluonde and hydrogen fluonde ; 
the normal fluoride is again attacked, and the same sequence of changes continues 
until all is converted into the chloride If m soln,, the base divides itself between 
the two acids The alkali fluorides are decomposed by many organic acids — 
eg acetic, formic, tartanc, make, lactic, benzoic, and salicylic acid — with the 
liberation of hydxofluonc acid Carbon dioxide bubbled through the soln acts m 
a similar way. 27 The alkali fluorides are not attacked by oxygen hot or cold When 
heated with ammonium chlonde, the alkali chlonde is formed 28 They are not decom- 
posed by silica if heated below the m p. of the salt, smee by leac hing with water, the 
silica cap be recovered unchanged An excess of hmewater, or magnesia, precipitates 
calcium fluoride from soln. of the alkak fluorides 29 Sodium fluonde is a valuable 
preservative for wood, and can be used with advantage in place of zme chloride 
{q v ), and would probably displace the latter if the costs of production could 
be reduced. 

The acid fluorides. — J. J Berzelius 80 obtained small crystals of a lithium hydro- 
fluoride, presumably UF.HF, from a soln. of the normal fluonde m hydrofluoric 
acid ; the acid salt is more soluble m water than the normal fluonde An analogous 
sodium hydrofluoride, NaFHF, was also discovered by J. J Berzelius It is 
made by dissolving the normal fluonde in hydrofluonc or acetic acid 81 It forms 
rhomb ohedral or trigonal crystals which, according to H Rose, are isomorphous with 
the corresponding salt of potassium The acid salt is converted mto the normal 
salt by heat, and it is broken down into the normal salt and hydrofluono acid when 
dissolved m water, 82 in which it is but sparingly soluble. It is more soluble in hot 
than in eold wate r. Its heat of formation 38 is 17 1 Cals ; and its heat of soln , 
at 12°, is NaP HP +400H 2 O = — 0 62 Cals The mono-acid salt, potassium hydro- 
fluoride, KF HP, was made by J. J Berzelius as described above , it is sometimes 
called Fremy’s salt in honour of E Fremy’s Recherches sur les fluorures (1854) 
E. Premy 34 prepared the salt by pouring a cone soln of hydrofluono acid into a 
similar neutral soln. of the fluonde produced by saturating hydrofluoric acid with 
potassium carbonate. Crystals of sparingly soluble acid fluonde immediately 
separate from the soln They contain a little potassium fluofnlicate which can be 
separated by several recrystallizations The acid fluoride is dned first between 
folds of unsized filter paper, then in vacuo, and finally in a drying oven. While the 
neutral fluoride is debemescent, the acid fluonde is not so. H. Moissan prepared 
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the acid fluoride for making anhydrous hydrogen fluoride, in the following 
manner : 

A given volume of hydrofluoric acid, freed from silica, was divided mto two equal 
portions, and one portion was exactly neutralized by purified potassium carbonate. The 
two portions were mixed, and thus converted mto the acid fluoride The salt itselE was 
obtained by evaporating the soln m a platinum basin, on a water-bath, at 100 3 ; and com- 
pletely dned under reduced press (say 20 mm } over cone sulphuric acid Two or three 
sticks of caustic potash were exposed m the same evacuated vessel The salt was powdered 
from time to tune m an iron mortar so as to expose fresh surfaces. The sulphuric acid and 
potash were renewed every 24 lira for about 15 days 

A P Borodine prepared this salt in rectangular plates (cubic system) by 
evaporating the normal fluoride with acetic or alcoholic benzoic acid. By slow 
evaporation, cubic crystals, some en tr&mies , axe formed According to H. de 
Senarmont, 35 the crystals are tetragonal. The heat of soln of the mono-acid salt is 
KF HF-f 400H 2 0— 6’0 Cals. The dry salt melts when heated, and gives off 
anhydrous hydrogen fluonde. It dissolves readily in water, but sparingly in 
hydrofluoric acid , it is readily soluble m a cone soln of potassium acetate. It 
is precipitated from soln by alcohol, though it dissolves m dil ‘alcohol When an 
intimate mixture of this salt with a powdered silicate is heated, the mineral is 
decomposed, and most of the silicon is evolved as silicon fluoride. According to 
H. Moissan, 86 if a soln of 5 6 grins, of the mono-acid salt in 10 grins, of 
hydrofluoric acid be cooled to — 23°, crystals of the tri-acid salt — potassium 
trihydrofluoride — KF 3HF, are formed , and the same salt is produced by evapo- 
rating a soln of one mol of potassium fluonde with three mols. of hydrofluoric 
acid on an oil bath at 85°, the clear liquid which remains when no more acid fumes 
are evolved freezes to a hard crystalline mass at 65°. It does not lose acid in dry 
air or m vacuum It dissolves in water with strong cooling, and it decomposes into 
the mono-acid and hydrofluoric acid It melts at 100°, and with a stronger heating, 
it decomposes The salt reacts vigorously with sulphuric acid, aqua ammonia, 
and potash-lye. The corresponding di-acid salt — potassium dihydrofluoride — 
KF.2HF, is made in an analogous manner It melts at 105°, and its properties 
are analogous with the tri-acid salt. The heats of formation aTe : 

=KF.±UBh q . — 0*33 Cal. ; EE a oUd“h-HFiiq =1LF.HF-|-13 9 Cals. \ KF JEIF 
=KF 2HF+6 5 Cals ; KF 2HF+HF U(1 =KF 3HF+5 1 Cals , KF HF-f 2HF Uq 
=KF.3HF+11*6 Cals., KF+2HF gaa =KF 2HF+35 2 Cals.; and KF-f-3HFga<$ 
=KF 3HF+47 1 Cals H. Eggeling and J. Meyer 37 have prepared the corre- 
sponding acid fluorides of rubidium— rubidium, mono-, di~, and tri-hydrofiuorides 
— and they were found to resemble the corresponding potassium salts C. Chabrie 88 
has prepared caesium hydrofluoride, CsF.HF, m a similar maimer to the process 
employed for the corresponding potassium salt, and the properties are analogous. 
The higher acid fluorides of ceesiiun — CsF 2HF and CsF.3HF — have also been 
prepared. Metal salts corresponding with HLiF 2 , HNaF 2 , HKF 2 , HBbF 2 , and 
HCsF 2 , and with potassium, rubidium, and caesium salts of the di- and trihydrogen 
fluondes, have been reported. The stability of the alkali monohydrogen fluorides 
decreases m passing from sodium to csesium; the contrary is the case with the 
normal fluorides. 

According to S Tanatar, 89 potassium fluoride hydroperoxide, KF.H 2 0 2} is 
obtained by evaporating at 60° a soln. of one mol of potassium fluoride in 2 mols. 
of 15 per cent hydrogen peroxide, acidified with a few drops of hydrofluoric acid, 
so long as it does not decompose with effervescence. The cold soln. is treated with 
alcohol, and the denser layer is separated and evaporated m vacuo. Monoclimc 
aeicular crystals of the salt KF.H 2 0 2 are formed. They are stable at 70°, but 
slowly decompose at 110°. The crystals axe readily soluble, and the mol, depression 
of the Lp , and the partition between ether and water, led S. Tanatar to believe that 
it is an addition product 

Monoclimc crystals of potassium fluosulphate, K a HS 2 0 7 F 2 H 2 0, have been 
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obtained by evaporating soln of potassium sulphate or bisulphate in 40 per cent, 
acid The corresponding rubidium and coesium salts have been prepared The fluo- 
selenates of these same elements — e g K 3 HSe 2 0 7 Fo H 2 0 — were also made m a similar 
manner. The oxyfiuoiodates are prepared m a similar manner from the alkali 
lodate and hydrofluoric aeid 3 or the fluoride and iodic acid. The potassium salt, 
KIOoFo, crystallizes in the rhombic system Sodium, ammonium, rubidium, and 
ciesium salts have also been made A. Werner 40 represents the constitution of 
the oxyfluo-iodates by where M denotes Na, K, Rb, Os, or NH^ He also 

regards the fluosulp hates, fluodithionates, and the fluophosphates as addition 
products Crystals — possibly tnclimc — of potassium fluodithionate, K 2 S 2 0 5 E 2 2H S 0, 
separate on cooling a warm sat. soln of potassium dithionate m 40 to 60 per cent, 
hydrofluoric acid 41 The rubidium salt has the composition Rb 2 S 2 0 6 F 2 . 3H 2 0 , and 
the caesium salt, Cs 2 S 3 05 ( 0 H)F H 2 0, is more stable than the corresponding potas- 
sium or rubidium salt Many double salts with boron tnfluoride, antimony 
tnfluoride, silicon tetrafluoride, tin tetrafluonde have been reported 42 The 
minerals cryolite, AIF s .3NaF ; paohnolite, A1F 8 CeF 2 NaF ; and ohiohte 
3A1F S 5NaF, are either double fluoride of aluminium and sodium 43 or solid soln. 
containing this compound. There are also the iluo-oxyruo bates, fluomangamtes, 
etc. 
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§ 13. Ammonium Fluoride 

Ammonium fluoride was made by H. Davy 1 by the action of ammonia gas on 
hydrogen fluonde— liquid or gas — and he demonstrated that no water is produced 
by the reaction J C. G. de Mangnae obtained hexagonal plates or prisms of the 
salt by saturating a soln of hydrofluoric acid with ammonia, and evaporating the 
soln. over caustic lime W. Mills patented a process in which an intimate mixture 
of ammonium sulphate and calcium fluoride is heated The ammonium fluoride 
formed by double decomposition is collected as a sublimate. J. J. Berzelius obtained 
the salt from ammonium chloride by heating an mtimate mixture of ammonium 
chloride with just over twice its weight of sodium fluonde whereby a sublimate of 
ammonium fluoride free from the chloride is formed ' NH4CI +N‘aF=NaCl+!N'H 4 F. 
P. T Austen and F. A. Wilber prepared ammonium fluonde for silicate analyses by 
treating hydrofluoric acid in a platinum dish with an excess of cone ammonia and 
filtering the liquid through a filter paper previously washed with hydrofluoric acid, 
and supported in a ring of platinum wire, directly into a platinum crucible containing 
the silicate to be acted upon by the acid. 

The properties of ammonium fluoride.— According to J C. G de Mangnae, the 
crystals are too deliquescent for crystallographic measurements B Gossner 2 
likewise obtained hexagonal uniaxial prisms or plates by crystallization from methyl 
aloohol. J. J Berzelius says the crystals are stable m air When differences of 
opinion exist as to the deliquescence or otherwise of the crystals of a salt in au, rt 
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is probable that air in different hygrometric states has been undei observation. 
J. J. Berzelius also says that when heated the salt fuses before an appreciable 
quantity sublimes ; and that the sublimation occurs at a lower temp than is the 
case with a mm onium chloride No reports are available as to whether the vapour 
of a mm onium fluoride is dissociated like that of ammonium chlonde. According 
to A Gruntz, a the heat of formation NH 3aq +HF aq =NH4F aq +15 2 Cals ; 
NH^+HFgaa^NHtFgoiid+ST'S Cals ; and the mol. ht. of soln. is — 1*5 Cals. 
J. H and G Gladstone found the mol. refraction for sodium light to be Mfa— 1)/D 
=10 97 for the salt in aq soln O. Reinkober studied the reflexion spectra of 
ammonium fluoride for ultra-red rays. The salt is easily soluble m water, and it 
is also soluble in methyl and ethyl alcohol G Carrara 4 has measured the solubility 
and electrical conductivity m methyl alcohol. H N. Warren stated that an oily 
explosive liquid — nitrogen fluoride — accumulates about the anode during the 
eleotrolysis of an aq soln of a mm onium fluoride, but O Ruff and E Geisel could 
not confirm this observation, and assume that H. N Warren’s ammonium fluoride 
must have contained some chloride. When a sat. aq soln of ammonium fluonde 
is electrolyzed in a glass U-tube with platinum electrodes (10 volts), hydrogen alone 
is given oft at the cathode, and a mixture of nitrogen and oxygen at the anode, 
some fluosilicate is formed by the action of hydrofluoric acid on the glass With a 
leaden tube, hydrogen is still given off at the cathode, but at the anode no nitrogen 
but only hydrogen and oxygen — never fluorine However, the electrolysis of a 
soln. of ammonium fluonde m liquid hydrogen does furnish fluorine gas According 
to 0. Ruff and E. Geisel, ammonium fluonde is insoluble m liquid ammonia ; and, 
according to J. J Berzelius, this salt readily absorbs ammonia gas which on subli- 
mation is expelled J. J Berzelius suggested that a basic salt is formed — the 
product is possibly ammonium ammino-fluonde, NH^FfNHs)^ analogous to the 
ammino-compounds of the other ammonium halides, hut J. Kendall and J. G. 
Davidson could not make an ammonium ammmo-ftuonde. 

According to H. Rose, 5 quartz and bone oxide are converted into fluorides and 
volatilized when admixtures with ammonium fluonde are heated , one or more 
repetitions may be required for the complete volatilization of the silica. Nothing 
is lost when alumina, berylla, feme oxide, zirconia, chromic oxide, or tungstic 
oxide is similarly treated ; potassium sulphate, ox chloride, is not decomposed by 
this treatment , sodium phosphate, arsemte, or sulphate is but partially decom- 
posed , while tantalum and columbium oxides are completely converted into volatile 
fluorides. J. J. Berzelius found that dry ammonium fluoride attacks glass in the 
cold, and, according to J Davy, ammonia, and ammonium fluosilicate, (NBE^SiFe, 
are formed m the reaction , hence the use of ammonium fluoride for etching glass 
H. Will says that 0 5 to 10 per cent soln of the salt do not attack guttapercha, 
and the soln can he kept in platinum, silver, or guttapercha vessels 

Ammonium acid fluoride, or ammonium hydrofluoride, (NHJHF^, or NH4F.HF 
— J C. Wiegleb 6 found aq. soln of ammonium fluoride gives off ammonia gas slowly 
at ordinary temp , more rapidly when heated, and ammonium hydrofluoride, 
(NH^HFji, is formed ; there is a hydrolytic reaction : 2NH4F aQ ^NH 3 + (NH4) HF 2 . 
In moist air also the solid salt is readily transformed into the acid salt 
J. J. Berzelius, indeed, prepared ammonium hydrofluoride crystals by evaporating 
a soln. of the neutral salt at 36°-40°, ammonia gas is at the same time evolved 
BL Rose 7 made it by saturating commercial hydrofluoric acid with a mm onia, and 
precipitated any impurities which might he present by treatment with ammonium 
sulphide and carbonate. After settling m glass vessels, the clear liquid was evapo- 
rated to dryness on a water-bath 

According to J. C. G. de Marignac and B. Gossner, 8 a mm onium hydrofluoride 
forms rhombic crystals with axial ratios a zb: c=0*97l0 : 1 : 0 8626, and A. des 
Qoizeaux found crystals which were optically uniaxial approximating to the 
tetragonal system; hence, says P. Groth, this salt probably exists in two poly- 
morphic forms. B. Gossner gives the sp. gr. 1*503, and C. H. D. Bodeoker, 
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1*211 (12°) According to H Rose, the dry crystals are not deliquescent ; 
J. J. Berzelius says they ar* The crystals have a negative double refraction. 
Ammonium hydrofluonde volatilizes completely when heated According to 
H. Rose, when ammonium hydrofluoride is raised with sihca or a silicate and 
calcined, the silicate is more readily decomposed than if hydrofluoric acid had 
been used On electrolysis with a current of 5 amperes, 0. Ruff and E. Geisel 8 
obtained fluorine. 
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§ 14. The Alkali Chlorides 

Thou shalt offer salt with all thy meat offerings — Le viti c us . 

Sodium chloride, commonly called salt, has been used in seasoning food from 
very ancient times. There is some doubt if the term was known to the Aryans 
before the linguistic separation. Isodorus, a writer near the beginning of the 
seventh century, said that the word salam is derived from sol because it is obtained 
by the action of the sun on sea water , others have supposed the word salt to be 
derived from exihre , to crackle and spring about, because common salt decrepitates 
when heated Salt is frequently mentioned in the Bible, and the Jewish rites as 
well as those of almost all other nations, testify to the high esteem and sanctity 
with which the ancients regarded salt The modern Arabians are said still to 
practise the covenant of salt , but only on occasions of the highest importance. The 
superstitious custom of throwing a pinch of salt over the shoulder in order to pro- 
pitiate the fairies is probably the survival of an old superstition when salt was 
always included among the offerings to the gods. The Roman historian Pliny 
writes on salt in his Naturahs Instona (31 41) He says : 

The higher enjoyments of life could not exist without the use of salt. So necessary is 
this substance to mankind that even the pleasures of the mind can be expressed by no 
better term than the word salt — a name given to all effusion of wit. All the amenities of 
life — supreme kilanty and relaxation from toil — cannot be characterized better than the 
salt of life. Even in the very honours bestowed upon successful warfare, salt plays its 
part, and from it our word solarium is derived. 

The term solarium or solarium argentum — salt money — was used by the Romans 
for the pay of generals and military tribunes, and hence followed the term “ salary 53 \ 
in some cases a man might “ not he worth his salt.” 

Salt is considered to be an essential constituent of animal food ; and it is said 
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that there are few things moie distressing than salt hunger , and the dreaded salt 
toUine of the Chinese provides the victim with ample food but no salt One writer 
estimates that about 29 lbs of salt per head of population per annum are used 
directly or indirectly with the food of man. The 0 1 per cent of hydrochloric acid 
present m the gastric and mucous fluids of the alimentary canal is derived from the 
decomposition of salt taken with the food , and it is estimated that a man requires 
between 16 and 17 lbs of salt per annum merely for satisfying bis normal physio- 
logical requirements Plant -eating animals get much of the salt they require from 
grass and leaves, and they have been known to travel hundreds of miles to a salt- 
lick , or salt-spring , m order to satisfy their craving for salt Carnivorous animals get 
their salt from the blood of the animals on which they feed. 

G. Agncola 1 treated salt as a terrarum species , and spoke of sal fossilis or 
Bergsaltz , sal fossilis pellucens or sal gemma ; sal mannus or Baisaltz or MersaUz ; 
sal lacustns or Seesaltz ; sal excoctus or Gesottensaltz ; and sal ammomacus or sal 
ammoniac J. G, Wallen us described Kochsalz or Kuchensalz (muna, sal commune, 
or sal Agncola) as one of four kinds of salts. Allied to rock-salt (muna fossilis pura, 
or sal gemma) there were Salzerde, Salzstein, Baisaltz (Spanischsalz or Seesalz), 
muria marina or sal mannutn, Stiandsalz or Schaumsalz , i.e sea-salt found m some 
places at the bottom of the sea, or obtained by the evaporation of sea-water , and 
BrunneTisalz (e.g Lunehurg salt, muria fontana, sal fontanum — obtained by the 
evaporation of spring water). R J, Hauy called salt soude muriatSe or muriate de 
soude ; E F. Glocker proposed the term halite for rock-salt 

Up to the middle of the eighteenth century, the alchemists oonfused the sodium 
and potassium salts generally, and, as previously indicated, it was not until 1762 
that A S Marggraff waB able to demonstrate how the two types of salt differed, 
and that, usually, potassium chlonde is the mam product of the action of muriatic 
acid on the ashes of land plants About this time, imaginary therapeutical virtues 
were attributed to potassium chloride, which was called sd febrifuge, and Sylvius 9 
salt, or set digestif de Sylmus . J G. Wallenus included Sylvius’ salt among the 
mineralia artijusialm, and distinguished sal artificial muriaticum or artificial salt 
made by saturating spirit of salt with alkali, from sal artificial e munattcum alkah 
mineralt prceparatum and sal artificiale munattcum alkah vegetable prceparatum, or 
sal regeneration J. B RomA de ITsle said that Vacide mann combines with V alkali 
fixe mimrale , forming a neutral salt which is everywhere known as sel mann and is 
also called sel gemme ; and this acid also combines with V alkali fixe vegetal, forming 
a neutral salt which is named sel febrifuge du digestif de Sylvius, and sel marin regenSre. 
P- S. Eeudant proposed the name sylvine, and F S Dana, sylvite, for potassium 
chlonde. 

The occurrence oi sodium and potassium chlorides —Native salt is sometimes 
called halite , but more usually rock-salt — in Germany Steinsalz , and in France sd 
gemme . ^ It occurs m very many placep, and there axe immense deposits m almost 
every civilized country. Rock-salt is found at Winsford, Nantwioh, Northwich, 
Middle wich (Cheshire) ; Preesal (Lancashire) , Barrow-in-Furness (Lancashire) ; 
and at Stoke Prior and Droitwich (Worcestershire) Julius Caesar 2 mentions that 
he found the natives of Cheshire manufacturing salt by pouring brine over charcoal 
faggots, and scraping off the crystals as they were formed The Romans taught 
the Britons the open-pan system of evaporating brine, and this has remained the 
principal method of manufacturing salt down to recent days Whence the Romans 
obtained the method is unknown. It is reputed to have been used in India, and m 
China an indefinitely long time ago. The earliest detailed description of salt- makin g 
appears in G Agncola’s De re metalkca (Basil, 1546). Borings at Northwich show 
that there_ is a bed of salt about 75 ft thick, about 140 ft. below the surface, 
beneath this there is a stratum of marls about SO ft. thick, and then comes a second 
bed of rock-salt over 100 ft. thick Below this are successive thin beds of salt and 
marL The Cheshire salt-beds extend over an area of 10 by 16 mile s, 

The names of some localities indicate the antiquity of the salt industry, since, 
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in Saxon times, a place where salt was dug; was called a wick or t cycJi, and the 
buddings where the salt was manufactured. ieyeh-bo**w*. 

The term wich or ivqeh seems to be derived from the Anglo-Saxon u*»c, or the Norse wig 
—a dwtlling -place The hanileta established by the Norse and Dane pirate? on bays and 
inlets weie called u iqa or uahi s — hence the name Xoiwich, Sandwich — bay salt was made 
m these places, and hence the term wich come to be identified with salt, and lost its original 
meaning — village In Austria and Germany, Hall has a somewhat analogous meaning — 
for instance, Halle, Hallstadt, Reichenhall, I nednchshall, etc , aie ail places which have 
been connected with the salt industry In England, Halstead and Halwick have a similar 
derivation In Germany, the Hallfotst — salt forest — supplied the salt work-* with wood 
fuel, the Hallqraf — salt count — possessed the mineral rights ; the HalUmrq — salt castle — 
was the castle where the Hallgraf lived , and workmen w ere called Hallortn , and the 
Hdhr was a small com used m the salt districts 

Salt is also found near Camckfergus and Larne (Ireland) , and Stassfurt (Prussian 
Saxony) The salt deposits neaT Iletz Zaschtehity (Orenberg, Russia) are said 
to be the richest m the world The hill of rock-salt "near Cardona (Spam) has been 
quarried since the time of the Romans, for Pliny mentions this deposit and said 
that medical men preferred salt from this locality above all others ; and he added 
that the salt quamed from the mountain at Oromenus (India) brought a larger 
revenue to the exchequer than that arising from gold and pearls. The Wiehczka 
deposit in the Carpathians (Galicia, Austria) has been worked since the eleventh 
century ; and it is said to be 500 miles long, 20 miles broad, and 1200 ft., thick. 
The galleries and chambers m this mine extend over 30 miles in length, and yield 
55,000 tons of rock-salt per annum. The mine is one of the show-places for visitors 
in the district, for, as E Darwin expressed it : 

Cavemed round in Cracow’s mighty mines, 

With crystal walls a gorgeous city shines , 

and the subterranean town includes a market-place, river, and church. Salt is 
found m numerous other places — California, Louisiana, Utah, Kansas, New York 
State, Virginia, Ohio, Michigan (United States) , Ontario (Canada), Mexico, etc , 
and m numerous localities in Asia and Africa. 

Salt is very widely diffused m the waters of the globe Most rivers carry traces, 
and when they discharge into land-locked basins, and when the waters are cone, by 
evaporation, salt-lakeB are formed. The waters of the Baltic Sea contain between 
0 2 and 0 8 per cent of saline matters, whereas the waters of the Dead Sea contain 
up to 25 per cent. It has been estimated that next to water, salt is one of the most 
abundant mineral substances on the cruet of the earth. The composition of the 
solids held in soln m the waters of a number of oceans and seas is indicated in 
Table XIV. 


Table XIV — Percentage Composition op the Solids in Solution in Open and 

Closed Seas 


Waters 

Cl 

Br 

S0 4 

CO, 

Na 

K ! 

Ca 

Ms 

Atlantic Ocean 



55 29 

0*19 

7 69 

0 21 

30 59 

; 

1*11 

1 20 

3 72 

Arctic Ocean 



55 30 

0 14 

7 78 

0 07 

30 85 

0 89 

1*21 

3 76 

Indian Ocean 



65 41 

0*13 

7 79 

0*05 

30 89 

0 85 

1*16 

3 67 

Mediterranean Sea 



55 30 

0*16 

7 72 

0*19 

30*51 

1*12 

1 19 

3 SI 

Black Sea 



55T2 

0 18 

7 47 

0*46 

30*46 

1*16 

1 41 

3 74 

Red Sea 



65 60 

0 13 

7*65 

0*02 

30 81 

0 97 

0 89 

3 87 

Dead Sea 


• 

65 81 ! 

2 37 

0 31 

trace 

11*65 

1*85 

4-73 

13*28 

Elton Lake 


• 

64 2 2 


6 82 

0 04 

11*27 

— 

0 10 

17*55 

Utah Lake 


■ 

24 75 

— 

28*25 

12 35 

18 19 

2 17 

5 90 

6*18 

Caspian Sea 



42 04 

0*05 

23*99 

0*37 

24 70 

0*54 

2 29 

5*97 

Great Salt Lake 



55 99 

trace 

6 57 

0 07 

33 15 

1 60 

0 17 

2 52 

Owens Lake . 



25 67 

* — 1 

0 95 

32*51 

37 38 

2 18 

0*02 

0 01 



524 


INORGANIC AND THEORETICAL CHEMISTRY 


It will lie noticed that although the proportion of salts m soln may vary from 
1 to 4 per cent., the composition of the solids (i e the evaporation-residue) in open 
or partially closed seas is not very different. This is shown by the first six analyses 
m the Table XIV. When the proportion of salt is low, owing to dilution by fresh 
water, the proportion of lime is usually rather greater. With land-locked seas, 
there is no such uniformity as is observed m the ocean. Although the composition 
of the evaporation residue of some lakes is closely allied to that of sea- water — e g the 
Great Salt Lake — each lake must be considered separately , the individual peculi- 
arities are largely determined by local conditions At one end of the Caspian Sea, 
the water has a comparatively low salinity, 1 294 ,* in the Karaboghaz Gulf, it is 
28 50, and sahne deposits are forming on the bottom. The character of the solids 
is also deter min ed by the sohds brought in by the feedmg tributaries — e g. the 
saline matters in the Dead Sea resemble those contained in the mother liquid of 
sea- water after the extraction of the sodium chloride The water of Owens Lake 
yields trona on evaporation ; and that of the Borax Lake (California) borax The 
composition of the waters of Elton Lake varies with the season — for example, in 
spring the melting snow materially alters the composition of the water 

In nearly every case, the rock-salt seems to have been deposited from sea-water 
which must be cono to about one-tenth its original volume before the salts begin 
to crystallize The potash and magnesium salts are usually missing , as a rule, 
rock-salt is not accompanied by any notable quantity of these salts. The deposits 
at Stassfurt are rather exceptional in their completeness. Traces of potassium 
salts have been precipitated with the rock-salt, although their presence is not 
usually shown m the analyses C. G C. Bischof 3 attributed the almost complete 
absence of potassium chloride from rock-salt to its greater solubility in water. 
Gypsum is usually found either associated with the salt itself, or m the adjoining 
strata ; if not, it is inferred that the sodium chloride is of secondary origin — 
possibly leached from the beds deposited elsewhere. The salt deposits of Texas 
and Louisiana are noteworthy m being associated with sulphur, sulphurous gases, 
and petroleum, but whether this deposit is of marine or volcanic origin has not 
been demonstrated. 4 A. W. Grabau has discussed the origin of salt-depo&its. 

Rock-salt occurs to a very small extent as a volcanic product, where it is probably 

i iroduced by the action of hydrogen chlonde present m the volcanic gas upon the 
ava. It is found as a white crust or loose powder m the crater. Published analyses 
of crater salt show that the ratio of KC1 : NaCl ranges from 1 : 0 062 to 1 * 0 948. 
The data in Table XV are selected from published analyses of rock-salt with 


Table XV — The Composition op Rock-Salt 


Source. 

NaCl 

Eica 

MgCl 2 

CaSO d 

CaCla 

Authority 

Stassfurt . 

Wieliczka (Galicia) 
Cardona (Spam) . 
Middleaborough 
Cheshire . 

Godench (Canada) 
Louisiana (U.S.A ) 
Leoncito (Argentine) . 
Vesuvius . . . 

97-99 
99 99 
98*66 

98 42 
98*32 

99 69 
98 73 
81 49 
33*06 

17 48 
58 67 

0*03-0*25 

0 01 
0*12 

0 18 

0 10 

0 01 

0 89 

0 20-6 35 

044 

0 21 

0 62 

0 09 

1 19 

1 00 

1 22 

0*04^-0*53 

0 99 

0 21 
0*03 

1*78 

Various sources 

G Bischot (1863) 

G Bischof (1863) 

G. Wilson (1888) 

F Dufrenoy (1846) 

T S Hunt (1877) 

F W Taylor (1883) 
L Harperath (1890) 
G. Freda (1889) 


the water and insoluble matters omitted The potassium chlonde does not appear 
to have been determined, although, in some cases, it exceeds the amount ol 
magnesium chloride. 

Sylvine or sylvite occurs in the Stassfurt salt deposits, and it is associated with 
halite or rock-salt in volcanic salts , in the salt-mines of Hallem (Salzburg), Kalusz 
(Galicia), Mayo (Punjab), Asnapuqiio (Lima, Peru), and many other places. 
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Published analyses of Stassfurt sylvite give a percentage composition ranging aa 
follows : 

Cl K 2Ta Mg Ca SO s H 

47 2-29 3 44 8-53*2 0 3-5*5 0 01-0*2 0 07 0 003-0 5 0*38 

The separation of salt from sea-water and brines. — According to Dioscondes, 
dXos ayv^, or the sea-foam left m-shoxe at high-water, on evaporation, leaves salt 
behind , and in Pliny’s Naturahs Jnstoria (31 39-^10), it is said that salt was obtained 
by boiling the spring-waters of Chaoma, and that m Crete, salt was obtained by the 
evaporation of sea- water in salt-pans , m Cappadocia, well and spring water was 
similarly evaporated , and in Egypt, sea-water was allowed to overflow into en- 
closed basms on the sea-shores and there allowed to evaporate. 

Countries not favoured with rock-salt must either import salt from more favoured 
countries, ox resort to the cone of sea-water, or of the brine from salt- springs, etc 
Evaporation is not an expensive process m warm countries, or where coal is cheap 
The brine is cone by solar evaporation, m large hollow tanks or ponds exposed to 
wind and sun, on the shores of the Mediterranean and the Black Seas ; on the 
tide-lands around San Francisco Bay ; and on the banks of the brine-lakes of the 
United States According to C Ochi, 5 10,000 tons of salt are annually extracted 
from the sea-water at Kaoo-Chew Bay (China) 

The ponds on the Mediterranean are made from puddled clay, and called salt 
meadows , salt gardens , marais salants, or salt ponds . Sea-water, sp gr. 1*026, is 
admitted into one pond at high tide by means of a Bluice and dyke, and cone, to a 
sp gr. approaching 1 210, and it at the same time deposits calcium carbonate and 
iron oxide. The brine is then run from the concentration ponds to the crystallization 
ponds , consisting of a series of rectangular compartments where the liquid is still 
further cone When the sp gr of the brine reaches 1“285, salt of nearly 96 peT 
cent purity crystallizes out A less pure salt is obtained by further concentrating 
the mother liquid The crystals of salt as they separate m the crystallization 
pond are lifted out by means of perforated shovels, and allowed to drain alongside. 
The heaps of salt dry slowly, and the more deliquescent impurities — mainly 
magnesium chloride — are drained off, or washed out by occasional showers. An 
average sample contains the eq. of 

K'aOl ftTgCl, CaS0 4 MgS0 4 Earthy matter*. Water. 

9511 0 25 1*30 0*91 0*10 2 55 

The mother liquid, called bittern, is further cono for crystals of sels mixtes — a 
mixture of sodium chloride with about 40 per cent, of magnesium sulphate — which, 
when re-dissolved in water, furnishes crystals of Glauber’s salt, Na^O^-lOB^O, on 
cooling to 0° : 2Nad+MgS0 4 ^MgCl 2 +Na 2 S0 4 The further cono. of the brine 
gives a crop of crystals containing impure carnallite, MgCl 2 KC1.6H 2 0, which is 
treated for potassium and magnesium salts. The mother liquid remaining after 
the extraction of sea-salt contains 2*3 to 3*5 per cent, of potassium chloride and 
magnesium sulphate and chloride. T his hqmd furnishes crystals of carnallite. Accord- 
ing to F Nishimura, 6 the separation of carnallite is very incomplete owing to the 
formation of a double sulphate ; to avoid this, it is recommended to keep the ratio 
MgS0 4 ■ MgCl 2 in bittern below 0*11, by adding the mother liquor of the carnallite 
to the bittern In this way, a 75 per cent yield of carnallite can be obtained. 
The remaining mother liquor can be treated for bromine. 

In cold countries — eg. on the shores of the White Sea, or Siberia — the sea- 
water is cone by freezing. The first crop of ice which separates is removed, and 
the residual brrne is again cono by allowing it to freeze After removing the second 
crop of ice, the brrne is cone, by evaporation over a fire until salt separates from the 
liquid. * 

The winning of rock-salt. — Bock-salt is often mined by bringing the solid to the 
surface in lumps — eg Wiehczka, Camckfergus, etc. In some cases, the salt is min ed 
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by forcing water down into the beds from a surface well made for the purpose — e < 7 , 
Cheshire, Michigan , 7 eto The brine is afterwards pumped to the surface, and the 
liquid cone m salt-ponds ; or by allowing the Boln to trickle from elevated tanks over 
ricks of brushwood— called graduatois — so arranged that the soln is fully exposed 
to the prevailing winds , or the sat. brine may be evaporated in shallow pans — 
salt-pans — heated artificially, as is the case in Cheshire, etc. As the salt crystallizes 
out, it is removed by means of perforated shovels, and dried with a centrifugal 
machine, or on stone or iron floors heated by the waste gases from the flues below the 
salt -pans If much calcium sulphate be present, it will separate first from the 
bnne, and it must therefore be removed before the salt The potassium and 
magnesium salts separate last Natural brines are cone m a similar maimer or by 
solar evaporation 

Brines are also cone by evaporation under reduced press , % e in what are called 
vacuum pans heated by Bteam, and specially designed to eliminate difficulties arising 
from the tendency of the brine to deposit a hard scale or crust of calcium salts In 
some cases, the magnesium salts are first precipitated as magnesium hydroxide, 
Mg(OH) 2> by the addition of milk of kme, and the calcium sulphate subsequently 
removed by precipitation as carbonate by the addition of ammonium carbonate 
liquors The decanted liquor is then cone m vacuum pans. 

At Carnckfergus on the Belfast Lough, the rook-salt for a time was mined and 
purified by a modem adaptation of an old Wurtemberg process m which the mined 
product was conveyed to the furnaces and refined by H Tee’s process 8 In this 
process, the rock-salt is crushed and melted. Air under press is driven through 
the molten mass at about 930°, when the impurities are oxidized The foreign 
matter settles, and the molten salt is run into a rotating pan, where it is crystallized. 
The salt 13 then conveyed to crushing and sieving machinery, where it is graded into 
different varieties of finished salt. The process of purification was said to occupy 
no more than 15 min. The process was tried in Mexico, but, m the words of 
W. L Bonney, the cost rendered the experiment a failure , it could not compete 
with the manufacture of salt direct from bnne 

If fine-grained table salt is needed, the brine is evaporated nearly at its b p ; but for 
the manufacture of coarse-grained fish salt, the evaporation is conducted slowly at a 
comparatively low temp , 45°, so as to get the salt m v comparatively large crystals The 
finished salt will be contaminated with but small quantities of other salts as impurities — 
calcium chloride, magnesium chloride, calcium sulphate, and magnesium sulphate. Cheshire 
salt, for instance, contains about 98 3 per cent of sodium chloride, and the remainder 
consists of insoluble matter, calcium sulphate, and magnesium and calcium chlorides 
Harmless impurities may be purposely added in order to restrain the deliquescence ot 
magnesium chloride, eto Thus the so-called certbros salt is said to contain about 3 per cent 
of bone meal — calcium phosphate 

The extraction of potassium chloride from camallite. — Potassium chloride 
occurs associated with magnesium chloride in carnallite, and although formerly 
potassium chloride was principally obtained from sea-water — vide supra — muoh of 
the commercial salt is now obtained from camaUifce, MgCl 2 KC1.6H*>0, of the 
Stassfurt deposits. Crude carnalhte contains the eq. of 16 per cent of potassium 
chloride 

The crude camallite is crushed and digested in large tanks with the mother liquid left 
from a preceding extraction. This liquid contains chiefly magnesium chloride The 
mixture is heated by blowing m steam, and it is kept at its b p , about 115°, until it has 
dissolved the maximum amount of the crude salt Potassium chloride readily dissolves 
in this liquid, while most of the sodium chloride, and magnesium sulphate ot kiesente, 
associated with the crude camallite, remain un dissolved The liquid is allowed to settle 
for about an hour, and then decanted into large iron vats and the clarified liquid allowed 
to cool slowly. Crystals containing 64 to 69 per cent, of potassium chloride are deposited 
The impurities are mainly sodium chloride (20-22 per cent ), magnesium chloride (7*5 to 
8*5 per cent,), and magnesium bromide and calcium sulphate (0 *4 per cent ) The principles 
underlying the process will appear from the study of Fig 1, Cap XI The crystals of 
pot assium chloride so obtained are washed with cold water so as to remove the more soluble 
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sodium chloride. This process yields a product containing S5 to 08 per cent, of potassium 
chlonde, according to the number of washings employed The further purification of 
the salt involves re-solution and re-crystallization of the "product The mother liquids are 
worked up foT more salts, and finally u^ed for the extraction of a fresh lot of crude camalhte. 

Potassium chloride is also extracted from sylvimte, a mixture of sodium and 
potassium chlorides, by a similar process to that used for carnallite 

The purification of the alkali chlorides. — Sodium — as v ell as potassium rubidium, 
or ccesium — chloride can be purified by adding cone hydxocldone acid to a cold 
cone aq soln of the respective salts ; better results are obtained by passing gaseous 
hydrogen chlonde through the salt solu The two chlorides are but sparingly 
soluble in cone hydrogen chlonde. The impurities remain in soln while the 
chlondes are precipitated in a very fair state of purity In fact, with suitable 
precautions — the use of platinum vessels, and of highly purified sodium carbonate 
as the source of the sodium chlonde — an exceedingly pure salt can be obtained A 
pure salt cannot be made by precipitating the impurities, but must itself be pre- 
cipitated ox crystallized from a less pure soln , and therefore T W. Richaids and 
R. 0. "Wells (1905) considered that this process is the best possible method of purifying 
sodium chloride since the included hydrochloric acid can be xeadily expelled by 
fusion. J. S. Stas 9 prepared highly purified sodium chloride in the following 
manner : 

Purified sodium carbonate along with a little purified ammonium chloride was dissolved 
m water, and a stream of purified hydrogen chloride passed through the liquid. The soln 
wa^ evaporated to dryness m a platinum retort, and strongly heated to volatilize the 
ammonium salt The cold mass was dissolved in water, a little purified ammonium chlonde 
and chloroplatmate were added, on the assumption that potassium chloroplatmate would 
be wholly precipitated if potassium salts were present The liquid was allowed to stand 
for 2i hrs to enable any silicates or almmnates to settle The clear decanted liquid was 
agam evaporated to dryness m a platinum retort, and strongly heated to drive off the 
ammonium salts, and to decompose the platinum salt. On cooling, the still molten mass 
was poured mto a platinum dish , and when cool, was dissolved m water After standing 
a couple of days, the clear liquid was evaporated to dryness in a platinum retort, ana 
fused. On vaporizing 10 grins of the salt an a weighed platinum boat, J. S Stas found 
that the latter gamed m wt eq to a non-volatile impurity of 0 004 per cent. — the non- 
volatile residue consisted mainly of silicates of calcium and sodium. 

T. W. Richards and R. C. Wells 10 have pointed out that although fused salt 
has but a very slight solvent action on platinum at 800°, a notable quantity is dis- 
solved when ammonium chlonde is present, and therefore Stas’ test does not neces- 
sarily show the absence of a greater amount of insoluble matter than he observed, 
because an appreciable amount of platinum itself would be volatile when heated 
for half an hour at a high temp However, T. W. Richards and R. C Wells add 
that the impunty m Stas’ sodium chloride “ could hardly have exceeded 0 01 per 
cent ” T. W. Richards and R C. Wells omitted the ammonium chloride and 
chloroplatmate treatment, and prepared sodium chlonde by precipitating this 
salt from an aq, soln. of purified sodium carbonate by means of hydrogen chloride. 
They then fused the dried salt , digested the cold cake m water , and, after allowing 
the soln. to stand for a long time, decanted the clear upper portion of the liquid. 
This soln was cone, and treated with hydrogen chlonde as before. No difference 
in the degree of purity of this salt could be detected and that of the salt prepared 
by repeating the treatment four times more — and the results obtained with this 
salt agreed with those obtained with salt prepared by the action of hydrogen chlonde 
on purified sodium sulphate ; and by the fractional crystallization of selected trans- 
parent colourless crystals of Stassfurt halite Sodium chlonde is therefore com- 
paratively easy to purify Fusion of the salt in vacuo gives results analogous 
with those obtained by fusing it in air, and it is therefore inferred that there is no 
risk of occluding oxygen or nitrogen ; and that the water can be expelled by fusion 
without nsk of losing the halogen. 

It is very difficult to prepare sodium chloride quite free from the potassium 
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salt. C. Lolxman 11 found commercial “ chemically pure ” sodium chloride to 
contain nearly 0 5 per cent of potassium chloride, and this even after purification 
by the action of hydrogen chloride on an aq. soln. A sample prepared by dissolving 
metallic sodium in distilled water, and neutralizing the product with hydrochloric 
acid contained 0 27 per cent. The potassium was mixed with the metallic sodium 
According to Y. C. Shipee (1907), if the samples be reorystallized from water four 
times, the amount is reduced considerably below 0 03 per cent That prepared 
from metallic sodium contained 0 01 per cent of potassium chloride 

The preparation of alkali chlorides. — The chlorides are formed by the action 
of chlorine or hydrogen chloride on the respective metals , by the action of hydro- 
chloric acid on the oxides, hydroxides, or carbonates , or by treating an aq. soln. 
of the alkali sulphate with barium chloride. The salts of the rarer metals are 
obtained at intermediate stages in the extraction of the metals from their oTes. 
Most of the chlorides aTe conveniently purified by passing hydrogen chloride through 
the cone, aq soln , and fusing the products in a quartz vessel in an atm of hydrogen 
chloride, but lithium chloride is fairly soluble m aq hydrochloric acid, although no 
acid salt has been prepared. The aq soln of lithium chloride must be evaporated 
with ammonium chlonde, or m a stream of hydrogen chloride if hydrolysis, with 
the loss of hydrogen chlonde, is to be prevented H Erdmann 12 recommends 
the following process for the preparation of rubidium chlonde . 

An intimate mixture of 274 grins of rubidium iron alum, or 200 grins, of rubidium 
aluminium alum with 100 grms of calcium carbonate, and 27 grms. of ammonium chlonde, 
is heated in a nickel crucible to a dull red heat until ammonia vapours are no longer evolved, 
and then the temp is raised to redness The product is ground with a litre of cold water 
for 15 minutes ; filtered by suction ; and washed with 400 o c of water, added m small 

E ortions at a time The combined sulphuric acid is precipitated by the addition of barium 
ydroxide, and the filtered liquid boiled while a stream of carbon dioxide is passed through 
the soln If the soln loses its alkaline reaction, and yet retains some calcium, a little 
rubidium carbonate must be added to precipitate calcium carbonate The soln is then 
treated with hydrochloric acid and evaporated 

T. W Richards and W. B Meldmm made highly purified hthnnn chloride by 
repeatedly evaporating the purified nitrate 1S with an excess of hydrochloric acid 
in a quartz dish, and then fusing the product in an atm. of hydrogen chloride 
The ohlondes of potassium, rubidium, and csesium have also been purified by 
precipitating with hydrochloroplatimo acid, calcining the alkali chloroplatinate, 
and extracting the chlonde with water. 

References. 

1 J. G. WaUenuB, Mineralogte , Berlin, 220, 1750 ; R. J. Hauy, Traitd de minSralogie , Pans, 
2 366, 1801; E. F Glocker, Oenerum et specter um mineraUum synopsis , Halle, 290, 1847; 
J. B. Rom 6 de ITsle, OnstaUographie, Paris, 1 374, 1783 ; G Agncola, De natura fossilium , 
Basil, 1546 ; Ivierpretatxo Germamca vocum ret metallic a, Basil, 1546 , F. S Beudant, Traiid 
USmentaire de min&alogte, Pans, 2 511, 1832 , F S Dana, System of Mineralogy, New York, 
111 , 1868. 

* A E. Calvert, Salt in Cheshire, London, 1915 ; Salt and the Salt Industry, London, 1919 
8 G, G. 0 Bischof, Lehrbuch der chemtschen und physikahseken Qeologie, Bonn, 2 26, 1864 
4 F W. Clarke, The Data of Geochemistry, Washington, 229, 1916, A. W Grabau, Geology of 
the Non- Metallic Mineral Deposits other than Silicates. New York, 1920 
5 G Ocho, Joum. Ohem 2nd. Tokyo, 22. 192, 191& 

• F. N i s h i m uja, Joum. Ohem Ind. Tokyo, 20. 587, 1917 ; 22 265, 1919. 

7 W. L. Badger, Met. Ohem Eng , 24. 201, 1921 

8 H Tee, jBrtf Pat No 8117, 1903 , 0 H. Bavis, Sphere , 55 138, 1913. 

8 .J S. Stas, Mlm Acad . Belg , 85 3, 1865 ; (Euvres, Bruxelles, 1 . 083, 1894 
10 T. W Richards and R 0, Wells, A Revision of the Atomic Weight, of Sodtum and Chlorine, 
Washington, 1905. 

11 a Lohman, Ohem News, 104. 53, 1916 ; V C Shipee, 16 ., 106. 313, 1917 
11 H Erdmann, Liebig's Ann , 282 3, 1886 

u T W Richards and H. H. Willard, Joum. Chem. Amer. Soc , 32 4 , 1910 , T. W. Richards 
and W. B. Meldnun, ib 89 1816, 1917, 



THE ALKALI METALS 


§ 15. The Properties of the Alkali Chlorides 

The crystals of rock-salt are nearly always cubes or small octahedrons. When 
the crystals form on the surface of evaporating brine, distinctive hopper-shaped 
crystals resembling hollow quadrilateral pyramids are developed; the inner 
surface appears to be arranged in a senes of steps I) I. Mendeleeff 1 explains the 
formation of hopper salt crystals as follows : 

If a soln of sodium chloride be slowly heated from above, where the evaporation takes 
place, the upper layer will become sat. before the lower and cooler layers, and therefore 
crystallization will begin on the surface, and the crystals first formed will float — having 
also dried from above — on the surface until they become quite soaked. Being heavier 
than the soln. the crystals are partially immersed m it, and the following crystallization, 
also proceeding on the surface, will only form crystals by the side of the original crystals. 

A funnel is formed m this manner. It will be borne on the surface like a boat (if the liquid 
be quiescent) because it will grow more from the upper edges We can thus understand 
this, at first sight, strange funnel-form of crystallized Balt. To explain why the crystal- 
lization under the above conditions begins at the surface and not at the lower edges, it 
must be mentioned that the sp gr. of a crystal of sodium chloride is 2*16, and that a soln. 
sat at 25° contains 20*7 per cent, of salt and has a sp. gr 1 2004 at 25 ° ; at 15° a sat. soln. 
cont ains 26 5 per cent, of salt and has a sp. gr. 1*203 at 15°. Hence a soln. sat at a higher 
temp, is specifically lighter, notwithstanding the greater amount of salt it contains. With 
many substances surface crystallization cannot take place because their solubility increases 
more rapidly with the temp, than their sp, gr. decreases. In this case the sat. soln. will 
always be in the lower layers, where also the crystallization will take place. 

According to W. L Bragg, 2 the X-ray spectrograms indicate that the arrange- 
ment of the atoms of the alkali halides is that of a simple cubic lattice, and where 
the atoms are nearly all equal m size, the symmetry is cubio holohedral — e g sodium 
chloride — and plagihedral when the atoms are markedly different in size — eg 
potassium chloride, or bromide. W P, Davey and F. G. Wick obtained similar 
results with csesium chloride K. Fajans and K F Herzfeld give for the distances 
apart of the atoms in the space lattice of sodium, potassium, and rubidium chlorides 
respectively 2 817xl0“ 8 , 3 141 XlO" 8 , and 3*286 xlO“ 8 cm., and for the respective 
lattice energies, 170 0, 159*0, and 154*6 Cals, per mol 

The crystals have a cubic cleavage, and if a punch with a rounded end is placed 
against a cleavage face, and struck lightly with a hammer, two cracks are produced 
perpendicular to the surface, and each crack is parallel to a diagonal of the cubic face 
so as to form a four-rayed star. "When mica is similarly treated, a six-rayed star is 
produced These cracks form what are called impact or percussion figures— 
Bchlagfigurer* If a cube of salt is placed diagonally in a vice, and compressed, the 
cube falls Into two pieces along a diagonal parallel to a face of the rhombic dode- 
cahedron One half of the crystal slides over the other half, and the plane of 
gliding is called a gliding plane — Gleitjlache . Agam, if a cube of salt is exposed to 
moist air, a film of moisture is deposited on the surface, and small pits or square 
pyramids are etched into a cleavage or natural face of the crystal — etched figures. 

G Ta mm ann found that potassium and sodium chlorides form a continuous 
series of mixed crystals between 660° and 500°. Since neither salt has a transition 
point, the phenomena observed when the mixed crystals are cooled must be attributed 
to separation of the components With diminishing temperature, therefore, either 
the attractive forces within the molecules of the respective chloride must increase, 
or those between the unlike molecules must be greatly weakened. The results 
obtained by etc hing the individual crystals at the ordinary temperature indicate 
that the mtra-moleoular forces of the potassium chloride crystals differ from those 
of the sodi um chloride crystal, or, more precisely, that certain lattice regions are 
more closely muted in the former, whilst such differences are not observed in the 
latter In the light of these observations, it is surprising that the X-ray analysis 
indicates the same lattice for each crystal. 

vol n. 2 m 
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The native crystals of rock-salt axe either colourless or vary in tint from white, 
to flirty grey, to yellow, to reddish-yellow, and sometimes bine or purple The 
colours are usually produced by impurities mixed with the salt at the time of 
deposition — feme oxide gives a reddish colour ; clay or anhydrite a grey colour ; 
and organic matter a brown colour In some cases these impurities have been 
deposited in layers parallel to the faces of the cube giving a senes of light and 
dark stnations The deep-blue colour sometimes found in the salt of various mines 
has attracted attention from the beginning of the nineteenth century ; it is mentioned 
m H Davy’s letters (1818) The cause of the coloration of blue salt cannot be 
traced by analysis to the presence of any known nnpunty ; and, as usually occurs 
m the absence of positive evidence, numerous tentative explanations have been 
suggested. 8 The colour has been attributed to the presence of organic matter 
(L Wohler and H. Kasamowsky) , to the presence of an alkali subhakde (E. Wiede- 
mann and G C Schmidt) ; to the presence of an allotropic modification of the 
chloride (E Goldstein) ; to a solid soln. of the metal in the salt (J Elster and 
H. Geitel) , and to the presence of ultra-microscopic or colloidal particles of the 
free metal (R Zsigmondy) — smaller than 0 4 p. The blue colour seems to disappear 
in time, and also when the salt is recrystallized from water, or heated above 280° 
The natural colour can be nearly reproduced by the action of the vapour of the 
metal on the halide at a high temp , and by exposing a colourless crystal to the 
Rontgen or Becquerel rays, to radium emanation, or to cathode rays Accor ding 
to E. Newbery and H. Lupton, rock-salt is coloured brown throughout its mass by 
exposure to the action of radium emanation, while exposure to cathode rays gives 
a brown coloration on the surface , sylvine is coloured blue by radium , the 
colour is evanescent, and disappears m a few hours — even m darkness Cathode 
rays colour sylvine or purified potassium chloride violet. The blue colour acquired 
by salt in the cathode rays loses its electric charge more rapidly m light than m 
darkness. Colourless sodium chloride, however, crystallizes from a soln of sodium 
chloride in ammonia, bnt the organosol of sodium is blue. The blue colour is not 
affected by boiling the salt with alcohol ; or heating it with mercury According 
to E. Pieszczek (1906), analyses of blue-coloured rock-salt show 0*4 per cent less 
chloride than the colourless salt, the failure of chlorine to restore the colour is 
said to be due to the protective action of films of the halide itself According to 
R, Abegg (1897), an aq. soln. of the coloured salt is not alkaline, and does not exert 
a reducing action 

When molten sodium chloride is exposed to the action of potassium vapour, some 
potassium chloride and sodium are formed, and H. Bose * obtained a dark-blue mass 
supposed to be potassium sub chloride, K S C1, by melting potassium with potassi um chloride 
in a stream of hydrogen , sodium chloride and sodium under s imilar conditions furnish 
a yellowish-brown mass supposed to be sodium subchloride, Na a Cl The coloured mass is 
decomposed into the alkali chloride and hydroxide and hydrogen when treated with water. 
Two years earlier, G Korchhoff and R Bunsen also obtained colourless masses about the 
cathode during the electrolysis of molten rubidium and caesium chlorides , H, Moissan also 
prepared what he consideied to be bluish-green rubidium subchloride, Rb a Cl, by treating 
rubidium hydride with hydrogen chloride gas j and with csssium hydnde under similar 
conditions, orange-yellow caesium subchlorlde, Cs 4 Cl, was formed. According to L Wohler 
and H Kasamowsky, the yellowish-brown colour of the supposed sodium subchlonde, 
the violet colour of potassium subchlonde, and the sapphire blue of rubidium subchlonde 
are removed by heatmg the respective substances to 570°, 460°, and 420°, whereas the 
blue colour of native rock-salt is lost at 275° (as samples coloured artificially are decolorized 
at 400°). A. N. Guntz also thought that he had prepared lithium subchlonde, Li t Cl, by 
heatmg a mixture of lithium chloride or lithium and potassium chloride with lithium carbide ; 
and by treating lit hi u m chlonde with lithium as in H Rose’s process Later, however, he 
found that the product is not lithium subchlonde, Li a Cl, but rather a mixture of lithium 
hydride and chlonde Attempts were made to prepare this salt by heatmg a mixture of 
lit hium hydnde andxhlonde at 880° under reduced press, by heating a mixture of lithi um 
chlonde and lithium in the presence of argon , and by heating a mixture of lithium and 
lithium chlonde in a hermetically sealed steel bomb, but the results neither proved nor 
disproved the presence of small quantities of the subchlonde. 
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H Rose’s assumption that the coloured mass obtained by heating the alkali 
chloride with the vapour of the metal contains the alkali sub chloride, was largely 
based on the fact that no sign of a metallic substance can be detected by the naked 
eye, or under the microscope This evidence has very little value to-day, 

L Wohler and H. Kasarnowsky have emphasized the fact that, unlik e aq. soln. of 
native salt, the artificially coloured halides give alkaline soln , and since analyses 
of the natural Balt gave the eq of about 0 016 per cent, of carbon and 0 008 per 
cent of hydrogen, it is supposed that the coloration arises from different causes 
m the two cases. The blue coloration of native salt is said to be due to the presence 
of traces of organic matter, and the artificially coloured salt to a trace of metal or 
subchlonde m colloidal solid soln R. Lorenz’s JMetallnebel 5 — metal fogs — which 
are formed during the electrolysis of fused metallic salts, appear to be analogous 
colloidal soln. — probably of the metal in the salt. R. Zsigmondy believes that the 
evidence favours the hypothesis that the alleged subchlondes, as well as the blue- 
coloured chlorides, are in all probability colloidal soln of the metal in the chloride, 
all the more so as J Bronn has shown that the coloured soln. of the alkali metals 
in liquid ammonia are colloidal 

The blue luminescence observed by E. Wiedmann and G. C. Schmidt 6 during 
the action of cathode rays on the alkali halides is probably due to the slight decom- 
position into sodium and chlorine by the cathode rays and their subsequent re- 
combinations to produce the blue luminescence ; if some chlorine escapes, the free 
sodium remains in colloidal soln. producing the blue salt. This is confirmed by 
E F. Farnau’s observation that salts which have been exposed to the cathode 
rays can be made temporarily lumin escent by heat ; the heat presumably accelerates 
the speed of recombination, and so augments the intensity of the light emitted ; 
the colour of the emitted rays is the same as that produced during the action of the 
cathode rays on the salts. A Arnold and G 0. Schmidt found that when sodium 
salts are exposed to the anode or canal rays, they emit first a blue luminescence 
like the cathode rays , this is soon replaced by a reddish-yellow light in which 
the yellow D-lines of sodium appear. These rays are more violent in their action 
than the cathode rays ; after the exposure, the heating of the salt produces a blue 
thermohiminescence. J. J Thomson found that when Lithium chloride is alterna- 
tively exposed to the action of anode and cathode rays in the same tube, the anode 
rays produce a bright red luminescence showing the characteristic lithium line, 
while the cathode ray luminescence is steely blue, with a faint continuous 
spectrum. 

The crystalloluminescence of the alkali halides was first noted by E. Bandrowsky/ 
who observed the phenomenon during the rapid precipitation of sodium chloride 
by alcohol or hydrochloric acid. M. Trautz showed that, in general, the intensity 
of the luminescence increases with increasing reaction velocity, E. F. Famau 
recommends cone, acid ; E Bandrowsky, 23 per cent, acid ; and H. B. Weiser 
showed that no light is obtained by precipitating the salt from a sat. soln. with 
acid of sp. gr 1T045, the light is brightest with acid of sp. gr 1 # 1190 ; and faint 
with acid of sp. gr. 1T890 , similarly with alcohol of sp. gr. 0 804, a brighter glow 
was obtained than with alcohol of less or greater sp gr. M. Trautz and H. B. Weiser 
also emphasized rapidity of mixing by agitation m order to get the best results ; 
the presence of gelatine decreases or prevents the luminescence. The slowness of 
the reaction at a low temp may produce a less intense luminescence than at a 
higher temp , otherwise, the brightest glow occurs at 0° — better results were obtained 
at 25° than at 0° or 50°. E, Bandrowsky supposed that the light was white like 
an electrio spark, but H, B Weiser showed that the colour is bluish-white, and 
that the colour of the luminescence when sodium burns in air is similar, but slightly 
bluer than the crystalloluminescence of sodium chloride. E. Bandrowsky obtained 
similar results with potassium chloride and bromide, and E. F. Famau with the 
halides of the five alkali metals. 

The alkah chlorides — and indeed the alkali halides — form two groups : I. The 
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lithium and sodium salts ; and II The potassium, rubidium, and caesium salts. 
In spite of the close crystallographic relationships between the halides of potassium 
and those of sodium or lithium, P Groth 8 considers that these salts are not 
lsomorphous This view is mainly founded on the work of R Knckmeyer m which 
no signs of the formation of mixed crystals or solid soln were observed when the 
halides sodium and potassium were simultaneously crystallized from an aq. soln. 
However, N S. Kurnabofi and S E. Schemtschuschny 8 have shown that sodium 
and potassium chlorides do form mixed crystals which are stable only at temp, 
exceeding 400°. E Janecke found a minimum m the fusion curve of mixtures of 
the two salts under press ; he has followed the whole course of the “ unmixing ” 
curve of the mixed crystals of cooling mixtures of the two salts There is no reason 
for doubting the isomorphism of the halide salts of potassium, rubidium, and 
caesium These salts are miscible with one another and form solid soln as indicated 
m Table IV. The failure of the sodium-lithium group to form isomorphous mixtures 
with the potassium groups is not surprising m view of the marked differences in the 
mol vol. of the two groups as exemplified v in the subjoined scheme where the 
diff erence between two adjoining numbers — vertical or horizontal — are represented 
in smaller type. 


Tabus XVX — Molecular Volumes or the AIjKalt Halides. 



U 


K 

Brb 

Cs 

NH 4 

Chlorides . 

20 5 

65 

27 0 

10*4 

27 4 

56 

43 0 

-0*8 

42 2 

r-34 0-t 


44 


60 


& 5 


5 9 


62 


Bromides . 

24 9 

7-1 

32 0 

10*9 

429 

60 

48 9 

-15 

47 4 

39 6 


78 


8*7 


97 


10*2 


9*4 


Iodides • 

32 7 

80 

40*7 

11 9 

52 0 

6 5 

59*1 

-2 3 

46 8 

WS7*5 J 


The differences between the mol, vol of the sodium and the potassium salts are 
markedly greater than between the members of each group. It will also he observed 
that replacing chlorine by bromine increases the mol vol. of the halide salts by 
approximately the same unit ; this is also the case when bromine is replaced by 
iodine, but the substitution of bromine by iodine produces a larger increase than 
the substitution of chlorine by iodine The mol vol. of csesium halides is much 
smaller than would have been anticipated by analogy with the other members of 
the series It is doubtful if ammonium belongs to the potassium group m spite 
of the crystal symmetry. 

A great deal of work has been done on the influence of different substances in 
soln. on the crystal form of the sodium or potassium chloride. 10 Hydrochlonc and 
nitric acids ; potash or soda lye ; aqua ammonia ; boric or oxalic acid ; and the 
chlorides of zinc, nickel, cobalt, and manganese have no effect in that cubic crystals 
are formed. Urea, calcium, or magnesium chloride or nitrate, phosphoric acid, 
and chromic or cadmium chloride, give some octahedral crystals of sodium chloride ; 
potassium iodate or carbonate or lead chloride give some octahedral crystals of 
potassium chloride ; barium antimonyl tartrate gives rhombic dodecahedra with 
sodium chloride ; and lead oxide or mercury chloride gives similar crystals with 
potassium chloride ; carbohydrates and urine give icosxfcetrahedral crystals with 
potassium chloride. 

Natural crystals often have enclosures containing gases or colourless liquid. 
The walls of the cavities are parallel to the faces of the cube. The liquid is usually 
an aq, soln. of brine, and the gases often co nfin ed under considerable press usually 
hydrocarbons. When snch crystals are dissolved in water, the gas escapes with a 
crackling noise when the cavity walls have become so thin that they cannot with- 
stand the internal press When the salt is heated, too, the expansion of the gas or 
liquid in the cavities bursts the mass, scattering the fragments in all directions. 
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The salt is then called decrepitating salt — Knistersalz Salt which has been rapidly 
crystallized is much more liable to decrepitate than salt which has been slowly 
crystallized — presumably because it is more liable to include traces of the mother 
liquid 

The specific gravities of the five alkali chlorides by G. P. Baxter and C. 0, 
Wallace 11 are * 


Temp 

L1C1 

NaCl 

XCl 

RbCl 

CsCl 

70 19“ 

2*059 

2 153 

1 978 

— 

3*902 

60 04° 

2 063 

2 166 

1 981 

2*792 

3*961 

25*00° 

2 068 

2 161 

1 987 

2 798 

3 974 

0° 

2*073 

2 168 

1*992 

2 806 

3*988 


The sp. gr of sodium chloride after melting and rapid cooling is 2 125 , and with 
slow cooling, 2 150. In 1690, It. Boyle gave 2*143 for the sp gr. of sel 
gnnme. 

F. L Haigh gives for hthmm chloride, 2 068 (20°/4°) ; H G. F Schroder gives for 
sodium chloride, 2 074 (3 9°) , P Kremers, 1 998 (17 5°) ; and G. P. Baxter, 2 068 (25 c ). 
J \V Retger’s value for sodium chloride is 2 167 (17°) , and R Krickmeyer’s, 2*174 (20)° ; 
F W Clarke's, 2 06 to 2 16 J. Y Buchanan's value for potassium chlonde is 1 951 (23 47°) , 
J W. Retgers\ 1 989 (16°) ; R Kriokmeyer’s, 1 994 (20°) ; F W. Clarke’s, 1*836-1 990 ; 
and J. Johnston and L. H Adams’, 1 984 (30°) For rubidium chlonde, H. G F. Schrbder 
found 2 209 (22°), F. L Haigh, 2 762 (20 °h°); J. Y Buchanan, 2 706 (20 9°); E H. Archi- 
bald, 2 763 ; and C Stetterberg, 2 807. For caBSium chloride, C. Setterberg found 3*992 ; 
F L Haigh, 3 987 (20°/4°) ; J. Y. Buchanan, 3 982 (23 1°) ; and T W Richards and 
E. H Archibald, 3 972 (20°) 

F L Haigh also worked out Yalson’s moduli for these salts. According to 

G. Quincke, the sp. gr. of the salts at their imp. are LiCl, 1*515 , NaGl, 1*612 , and 
KC1, 1 612 , some of J. AI. Jager’s values are indicated in Table XVII He 
gives for the sp gr. of molten lithium chloride at 0° (water at 4° unity), 
D= 1 798-0 000432(0 — 600) ; sodium chloride, Z>=1*549— 0 0006261(0-800) ; 
potassium chloride, JD — 1*539 — 0 0005947(0 — 750) , rubidium chloride, 
D—2 129—0 000823(0—700) ; and caesium chloride, D— 2*786— 0 00108(0—650). 
E AI. Brunner found sp gr of molten sodium chloride between the m.p. and 
1000° to be 1*500—0 00054(0 — 900) ; potassium chloride, 1 450-0*00057(0—900) ; 
and of lithium chloride, 1*375—0 00943(0—900) W. Blitz, and K. Fajans and 

H. Grimm studied the mol. vol of the alkali chlorides. 

W. Spring 12 found the difference between the sp. gr. of potassium chloride 
before and after compression at 20,000 atm is small and irregular, and is probably 
due to experimental error , and J Johnston and J H Adams showed that if the 
crystals are free from cracks and holes, there is no evidence of any change in the 
sp. gr of potassium chloride, bromide, iodide, or sulphate, and of ammonium 
sulphate with press J H Hassenfratz inferred that the sp. gr of powdered glass 
is different when m large and in small pieces, and G. Rose made some observations 
on this subject, but in neither case is any definite conclusion to be drawn. Earl of 
Berkeley f ound no measurable difference in the case of barium sulphate, but W. Spring 
said that the sp. gr. increases as the grain-size decreases H. E. Merwin obtained no 
difference in the case of clear quartz, and J. Johnston and L H Adams observed 
no difference in the case of potassium chloride, or sulphate, and with quartz, pro- 
vided the material is free from cracks and holes ; but if the material is not homo- 
geneous, the fine powder is denser than the coarse. 

G Quincke's value for the capillary constant 18 of molten lithium chloride is 
a 2 =8’53 sq mm. ; sodium chlonde, a 2 =8 41 sq mm. ; and potassium chloride 
a 2 =8 76 sq mm. The surface tension of molten lithium chloride is 63*4 dynes 
peT cm., sodium chloride 66 5 , and potassium chloride, 69*3 dynes per cm. 
According to J. M Jager, the surface tension (ergs per cm), sp gr. (0/4°), 
and mol surface energy (ergs per sq. cm) of the molten salt, are indicated in 
Table XVII. 
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Table XVII — Subface Tension and Specific Gravities of the Molten Alkali 

Chlorides 



Temp. 



Surface tension 

Sp gr. 

Mol surface 
energy 

Temp coeff 
per deg. 

LiCI • 

014° 



137 8 

1-496 

1282 0 

0 47 

[1074 6° 



104-8 

1 296 

1072 9 

0 47 

NaCl 

802 6° 



113 8 

1 547 

1281 5 

0 48 

111718° 



88 0 

1 316 

1103-8 

0‘48 

KC1 ! 

[ 799 6° 



95 8 

1 509 

1290 0 

0 68 

ill 67“ 



69 6 

1 287 

1042 1 

0 68 

BbCl 

f 750° 



95 7 

2 088 

1433 4 

1 02 

)1150° 


• 

61 4 

1 759 

1034 6 

1-02 

CsCl 

( 603 7° 


• 

89 2 

2 772 

1378 0 

0 72 

11080° 


. i 

56 3 

2 332 

975 8 

0 36 


T. W. Richards and G. Jones 3 value fox the compressibility of solid sodium 
chloride at 20° between 100 and 500 atm is 4*1 Xl0"“® megabars, and of potassium 
chloride, 5 0x10““ 6 megabars. L H. Adams and co-workers found fox the com- 
pressibility of sodium chloride 4*12 Xl0~ 6 at atm. press., and 3*53 XlO^ 6 at a 
press, of 10,000 megabars per sq cm ; and for the change in vol , 

di^-0'89xlO- 4 -f4C06xlO- 6 (^^o)+2-95XlO-i 1 (y-jp 0 )2. 

The compressibility of aq. soln. of hthium and sodium chlorides has been 
studied by W. C Rontgen and J. Schneider; 0. Schmidt also studied soln. 
of hthium chloride , and M. Schumann, H Gibault, and E Pohl, soln of 
sodium, potassium, rubidium, and caesium chlorides ; in addition, J Drecker 
studied soln of potassium chloride, and C. Grassi of sodium chloride — vide 
Table XVII. and ammonium iodide. N. Voigt gave 0 00042 , and W C Rontgen 
and J. Schneider, 0 00050, fox the compressibility coeff of sodium chloride , and 
respectively 0 000745 and 0*00056 for potassium chloride. The elastic constants 
are greatest when taken perpendicular to the cubic faces, and least, perpendicular 
to the rhombic dodecahedral face. The elastic modulus of crystals of sodium 
chloride measured by W. V oigt for the cubic o, the octahedral o, and the dodecahedral g 
surfaces, in kgrms. per sq mm , are E c = 4187 ; 2^=3490 ; and JS o —3026 : and 
likewise for potassium chloride, i£ c =3724 ; and 2^=1960 , K R. Koch gave 
E C =4Q33 , and 2^=3395 for sodium chloride, and 4010 ; and E d = 2088 for 
potassium chloride. W. Voigt gave T c 1294 for the torsion modulus of sodium 
chloride, and 655 for potassium chloride, e—E^ 1 — { 33*48— 9*66(a 4 -f-/J 4 +y 4 )} 
XlO - * 6 , the modulus of extension of sodium chlonde, and 75*1—48 2 

(a 4 +/J 4 +yH-) } x 10” 6 for potassium chloride, t=2 t '~ 1 ={15458— 77 28(j8 2 y 2 
-by 2 <x 2 -|-oi. 2 j3 2 ) } XlO - 6 for the torsion coeff. of sodium chloride, and — 1 — 
{306 0—385 ^(^ 2 y z '\-y i a z -\-a 2 P 2 )}xlO~~ s for potassium chlonde W. Voigt also 
gave c^— 4770, 04^=1294, and C2 2 =1320 for the elastic constants of sodium chloride, 
and cix=375Q, 044=666, and <? 1 2=198 for potassium chloride K. Forsterling has 
compared the elastic constants of potassium chloride with results deduced from 
the space lattice theory K. Dorsing, T. Martini, and G. Wertheim measured the 
velocity of sound in soln. of sodium chloride of different cone , and found that it 
increased with cone. 

The hardness of sodium chlonde is nearly 2, and it is a little harder than gypsum 
The hardness of a cubic face of the crystal is less than that of an octahedral face 
and the hardness of a dodecahedral is intermediate between the two. 

The best representative values of the melting and boiling points of the alkali 
chlorides 14 are : 

U01 Nad KOI UfcOl CsCl 

M.p 614° 801° 790° 714° 647° 

B.p. • 1360° 1490° 1500° — — 
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The number for the m p, of lithium chloride reported by T. Carnrlley is 600°; K Huttner 
> E Korreng,609°, K.Haehmei^er, 003° ; T. W. Richards and 
Sr 5 Heldrum, 613 , G Scarpa, 605°, and by S F. St hemtschusehnv and F. Rambach,614° 
W. Ramsay and N. Eumorfopoulos’ value 491° is too low T CarnelW cave 772°-776° 
% erfiQd ^ T Kiddle, 815 4° , H le Chatelier, 780° ; J MeCrae, 
811 to 814*6 ; W. Ramsay and 1ST Eumorfopoulos, 733°, O. RuS and W Plato, 820°; 
^Huttner and G T an un an n, 810° , K Ardnt, 805° ; and W P White, 801 3 W. Truthe, 
C Sandonnim and G. Scarpa, 806° ; O Menge, 803° ; for potassium chloride, VT Ramsay 
and N. Eumorfopoulos give 762° , W Plato, 772*3° , K Huttner and <4 Tammaim, 778° ; 
K* Arndt, 775 ; T Camelley, 734°; V, Mejer and W Riddle, 800" , O. Menga and 
7 T 6 » W * 77 > n ; S F. Sehemtschuschny and X S Kumakoff, 

790 ; T. W Richards and W B ileldrum, 773° ; and H le Chateher, 740° The m p 
of rubidium chloride according to T Camelley is 710°, S F Schemtschuschny and 
F. Rambach, 726°; T. W. Richards and \Y B. Meldrum, 714°; and K Huttner 
and G T amm aim, 712°~713° ; for c» chloride, T. CameUej and W 0 Williams give 
631°+3°; E Korreng, 035°-638 p ; 0 Sandonnmi and G Scarpa, 639° , T* V Richards 
and R Meldrum, 645°; and S. F Schemtschuschny and F Rambach, 646°. 


The b p. indicated above are by L H Borgstrom , W. R Mott gave 1300° and 1200° 
respectively foT the b.p of potassium and sodium chlorides Lithium, sodium, and 
potassium chlorides begin to sublime at their m p and probably also the other 
salts as well. 

Lithium chloride has been volatilized completely m a stream of hydrogen chloride 
at a white heat. These salts also volatilize in the hottest part of a Bunsen flame, 
and under these conditions It Bunsen found potassium chloride volatilized 0 776 
tunes as fast as the same amount of sodium chloride T H. Norton and D M Both 
say 0 923 times as fast The relative density of the vapour of sodium chloride 
has been dete rmin ed Potassium chloride loses weight six times more quickly 
when heated to bright redness in a stream of moist air than it does in dry air R* 
There is a slight loss by volatilization of salt entrdine avec la vajpeur d’eau , during 
the evaporation of aq soln of the alkali chlorides ; G. H. Bailey 17 found that 
during the evaporation of a litre of water from soln. to which water was added 
from time to time to keep the volume approximately 100 c c. and the cone, that 
stated m brackets : 


LiCl(^JY) NaCl(*N) KOI(^N) RbClftN) CsCl(*N) 

Loss, mgrms . . 0 25 0 81 122 2'95 3 21 

The typical V-ourve for eutectic mixtures is obtained with mixtures of potassium 
chloride with 39 per oent of potassium fluonde at 605° , 76 of potassium bromide 
at 740° ; 69 3 of potassium iodide at 580° ; and 42*8 of potassium sulphate at 
705°. Results with binary mixtures of the alkali chlorides are indicated in the 
accompanying Table XVIII, where the eutectic temp, is bracketed with the atomic 
percentage of the element indicated on the same horizontal line ; S means that an 
unbroken series of solid soln are formed ; otherwise, solid soln. are wanting 


Tabus XVHL — Binary Mixtures of the AtiTtatj Chlorides. 


Chloride 

Id 

Kft 

K 

Rb 

Os 

Li 


27-0 (552°) 

40-6 (358°) 

41*7 (318°) 

59 3 (323°) 


£ 



, — 


Na • • a 


— 


55 0 (541°) 

65 5 (451°) 


— 

s 


8 

o 

K 

59 5 (352°) 


— 

No eutectic 

66 (f(616 0 ) 


, 


s 


S 

Rb . 

58 3 (312°) 


No euteotio 

— 

88 5 <635°) 




_ 

8 



Cs . 

40 7 (323°) 

34*50 (451°) 

34-0 (616°) 

11 5 (636°) 

— - 
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The chlorides of potassium, rubidium, and caesium form binary mixtures miscible 
in all proportions, but the binary mixtures LiCl — NaCl, and NaCl — KC1 form a 
limited series of mixed crystals According to R. Nacken,- 18 m the latter case, pure 
3 odium chlonde can exist below 300° and potassium chloride below 250°. Potassium 
and lithi um chlorides give a sharp eutectic at 361° with 58 5 mols per cent, of the 
lithi um salt. With rubidium or caesium chloride with hthium chloride the cusp at 
the eutectic is cut off owing to the formation of a new solid phase, for, m the case 
of rubidium and lithium chlorides, there is a peritectic point at 323°, with 53 8 per 
cent, of hthium chloride corresponding with the formation of the compound 
RbCl LiCl, or rubidium chlorolithiate, RbLiClg , and with hthium and caesium 
chlorides, there is a pentectic point at 351°, with 46 5 per cent of hthium chloride 
corresponding with the compound LiCl CsCl, or caesium dichlorokthiate, CsLi Cl 2 ; 
and another corresponding with the formation of caesium tnchlorohthiate, LiCl 2CsCL 
Accor din g to T W Richards and W B Meldnun, potassium chlonde raises the 
m.p. of rubidium chlonde. The heating or cooling curve of caesium chlonde shows 
that caesium chloride melts between 635° and 638°, and suffers an enantiotropio 
change . a-CsCl^/?-CsCl, at 459° as illustrated by E. Korreng’s curve, Fig 19. 
0. Sandonnini and G Scarpa place the transformation temp, at 450° , and 
S. F Schemtschuschny and F. Rimback, at 451° Both forms belong to the cubic 
system. The equilibrium diagram fox the binary system : LiCl— CsCl, worked 




Fig 19 — Heating Curve of Fig. 20 — Equilibrium Curves of 

Caesium Chlonde the Binary System LiCl — CsCL 

out by E Koireng, Fig. 20, shows the existence of six crystalline phases, namely, 
LiCl — AE ; CsOlLiCl, EG , a a-LiCl 2CsCl, GF ; jS-LiCl 2CJsCl, FD ; a-CsCl, DO; 
and j8-CsCl, CB The compound, LiCICsCI, which E Korreng calls Oasmm- 
chlotohthiat , or caesium chlorolithiate, CsLiC1 2j melts at 351 °, and is optically 
anisotropic. The compound LiC12CsCl or caesium trichlorohthiate, Cs 2 LiC 1 8 , 
undergoes a transformation form, an a- to a /}- form at 360°, and melts and de- 
composes at 380°. This temp is therefore an incongruent melting point ; 
J3-LiC1.2CsC1=0 561a-CsCl+l 439CsCl+LiCl. Both forms of the tnohlorolithiate 
are doubly refracting, but the a-form is less so than the /3-form , both forms 
are deliquescent. The crystals of the two triehlorolithiates, unlike the dichloro- 
lithiate, exhibit repeated twinning 

D D. Jackson and J. J, Morgan represented the vapour pressure of potassium 
chlonde between 801° and 1500° by log p=-6326T“i+l 75 log T+0 000611T 
— 0 7064 when p is expressed m mm of mercury. The observed values were 
I 54 mm at 801° ; 8 33 nun at 948° ; and 24 1 mm, at 1044° L H Botgstrom 
found the boiling point to be 1500° at 760 mm ; 1490° for sodium chlonde , and 
1360° for lithium chloride 

No peritectic point was noticed with hthium chlonde and potassium or sodium 
chlorides. T W . Richards and W B Meldrum (1917) have also studied ternary 
mixtures of lithium and sodium chlorides with potassium, rubidium, or caesium 
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chloride. No mixed crystals were obtained by R, Knckmeyer with mixtures of 
potassium and sodium chlorides, lithium chlonde, or ammonium chloride. 

W Ostwald and N N, Beketoff have shown that the heat of soln of a mixture of 
the two salts which has been previously fused is greater than a mechanical mixture 
which has not been fused — with a mol. each of sodium and potassium chlonde in 
100 mols of water, the heat of soln in the former case is —5 02 Cals or even -'3*62 
Cals , and in the latter case —5 70 Cals. When the fused mixture is powdered and 
kept at about 200°, it gradually approximates to the value for a mechanical 
mixture. N. S KumakofF and S F. Schemtschuschny found that a recently 
melted mixture of the two salts gives no eutectic if it has been rapidly cooled, and 
that the cooling curve gives a smgulanty between 320° and 406°. This is believed 
to indicate that the two chlorides are quite miscible and form a solid Boln at high 
temp., and that the solid splits into its two constituents at about 100°. 6 Scarpa 
found that with binary mixtures of lithium hydroxide and chloride there is a eutectic 
at 290° with 50 mols per cent of lithium hydroxide There is an arrest at about 
285° corresponding with lithium dihydroxytrichlonde* 2LiOH 3LiCL which de- 
composes on melting The transformation point of sodium or potassium hydroxide 
is lowered by the corresponding chlonde; binary mixtures of sodium hydroxide 
and chloride and of potassium hydroxide and chloride gave two series of mixed 
crystals with a miscibility break corresponding with H W. B Roozeboom s type IV 
G. Bartha gave the boiling point of the metal chloride in the cathode light 
as 1005° for lithium chlonde , 850° for sodium chloride ; 800° for potassium 
chloride ; 790° for rubidium chloride ; and 750° for caesium chloride. 

The heat of fusion of potassium chlonde is 86 0 cals per gram, and of sodium 
chlonde 123*5 cals, per gram , 19 and the latent heat of vaporization of sodium 
chloride is 35*3 Gals D D. Jackson and J J. Morgan gave 30*800 Cals, for the 
latent heat of vaporization of potassium chloride ; while A. von Weinberg gave 
48*2 Cals, for the heat of sublimation of potassium chloride, and 48 8 Cals, for that 
of sodium chloride ; and A. Reis calculated 58 Cals for sodium chlonde ; 52 Cals 
for potassium chloride ; 50 Cals for rubidium and caesium chloride , and between 
15 and 35 Cals, for lithium chloride. The specific heat of the anhydrous lithium 
chlonde between 13° and 97° is 0 2821 , according to H Kopp, the value for sodium 
chlonde between 13° and 45° is 0 216 ; and, according to H V. Regnault, 0*213 
between 13° and 46° , and 0 21401 between 15° and 98° For potassium chlonde 
between 13° and 46°, H Kopp gives 0 171 , H V Regnault, between 14° and 99°, 
0*1730 ; and W Plato, between 20° and 726°, 0 1840, and for the molten chloride 
between 807° and 935°, 0 2671. Foi rubidium chloride between 16° and 45°, 
H. Kopp gives 0 112. J. N. Bronsted gives values for the sodium to caesium 
chlondes between 0° and 20° : 

LiCl NaCl KC1 BtCl CflCl 

Sp ht. . . (0 2821) 0 2027 0*1614 0 1013 0*0746 

Mol ht. . . (80 4) 11-85 12-04 12 25 12*66 

F. Koref found the sp ht and mol. ht. of sodium chloride between — 188*1° 
and —81*0° to be respectively 0*1664 and 9 73 ; and between 0° and —75 2°, 0*1971 
and 11*52 , similarly for potassium chloride, between —191 7° and —81 1°, 0*1410 
and 10*50 ; and between 0° and —76 6°, 0 1581 and 11*78. According to W. Nernst, 
the mean mol. ht of sodium ohloride is : 

26 0° K, 28 0° K, 67*6° K. 81*4° K, 83*8° K. 

Mean mol ht. . . 0 29 0 40 3 06 3 64 3 82 

while the mol. ht of potassium chloride is . 

22*8° K. 80 1° K, 48 3° K. 57 6° K 70 0 K 86° K. 290° K, 

Mean mol. ht . . 0 68 0 98 2 86 3 00 3 79 4 36 6 02 

H Foi sterling has also calculated values for sodium and potassium chlorides 
from Born’s theory of spaee lattices. 
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The sp. ht. of aq soln. of sodium chloride have been deter min ed by J Thomsen, 
A Wmkelmann, H Teudt, J. C. G. de Mangnac, and L Demobs. The results 

shoVv : 

Percent NaCl . 1*6 4*9 10 3 115 24 3 

Temp . - . 18* 19°-46° 16°-90° 16°-52° 18°-2<X D 

Sp ht. . . 0 9780 0 9449 0 9120 0 8770 0 7916 

L. Demobs has also measured the sp. ht of mixtures of sodium chloride and 
hydroxide According to J Thomsen, the sp. ht of an aq soln of sodium chloride 
at 18° with 10 mols of water is 0 791 , with 50 mols of water, 0 931 , and with 
200 mols of water per mol of sodium chloride, 0 978. A. Jaquerod gives for the 
sp. ht. of soln. of potassium chloride at 16° : 

Per cent, KCl .24 48 96 19 2 28 8 

Sp ht. - . 0 968 0*938 0*882 0*790 0*720 

W. R. and C. E Bousfield measured the sp ht of soln of sodium and potassium 
chloride over the ranges 0°~13° , 13°-26° ; and 26°-39° The results show that 
the sp ht. and sp. vol of the combined water may he treated as approximately 
constant, and the lowering of the sp ht and sp. vol. of the free water on the intro- 
duction of a Bolute are each proportional to the percentage cone of the solute In 
dil. soln. the sp ht curve approximates to that of water, which has a mrmmnm 
at about 25°. In cone, soln , the variation of the sp ht with temp appears to 
follow an almost straight-lme law. This behaviour is attributed to the simp lification 
of the water by a considerable destruction of ice and steam mols. The following 
constants were derived : (1) for potassium chloride : the sp ht of the liquid solute, 
1*655 ; the mol ht. of the liquid solute, 123 4 . (u) for sodium chloride . sp. ht of 
the liquid solute, 2*433, and the mol. ht. of the liquid solute, 142 1 The number 
of mols. of water combined with a mol of solute is calculated for various dilutions 
G. N Lewis and G. E Gibson estimate the increase of entropy from — 273° to 25° 
to be 17 4 per mol, of sodium chloride, and 19*7 per mol of potassium chloride. 

The coefficient of linear expansion for sodium chloride is 0 00004039 , and for 
potassium chloride, 0 00003803. The coefficients of cubical expansion, computed 
by G-. P Baxter and 0. C. Wallace from sp. gr., are : 

Temp NaCl KOI UbCl CsCl 

0° to 26° . . 0*000125 0*000084 0 000111 0 000137 

25° to 60° . . 0*000106 — 0*000082 0*000136 

50° to 70° . . 0*000074 0 000083 — 0*000109 

The salts which produce the greatest vol. contraction on soln. in water give soln. 
which have the highest temp, expansion eoeff 

The thermal conductivity of sodium chloride is 0 014 to 0*016 The thermal 
conductivity of a 33 per cent, soln of sodium chloride is 1 737. Just as there is a 
marked difference in the power of different substances to transmit light rays of 
different wave-length, so does the diathermancy, or power to transmit radiant heat 
of various wave-length, show marked differences, A Iran and ice are almost 
ctihermous or opaque to radiant heat. Rock-salt is one of the most diathermous 
substances known. M. Mellom 21 thought that it was perfectly transparent to all 
kin d s of radiation, and the 8 per cent loss he observed during the passage of radiant 
heat through a plate of rock-salt was due to reflection from the surfaces and not to 
internal absorption. E. de la Provostaye and P. Desains proved that rock-salt 
does exhibit selective absolution, and is almost opaque to radiations from a 
heated piece of the same substance. H, Rubens and A. Trowbridge measured the 
percentage absorption of radiant energy by plates of rock-salt and of sylvme, 1 cm. 
thick, for wave-lengths from 10 /ll to 20*7 fi , and found for 10 jj, rock-salt absorbed 
0*3 per cent, and sylvine 1 2 per cent ; for 15/x rock-salt 15*4 and sylvme 4 6 per 
cent. ; and for 20 7/i, rock-salt 99*4 and sylvine 41*5 per cent. Sylvine behaves 
like rock-salt as regards its diathermancy for heat; a plate of sylvine 26 mm thickness 
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allows 76 per cent of the incident heat to traverse it ; and this is the same pro- 
portion as a plate of Sta^furt rock salt of the sam+ i thickness The diathermancy of 
both crybtaLs does not vary with the temp, of the source, being the same for the 
heat emitted by a lamp as for that arising from a surface at 100° YT. L. Bragg 
and co-workers measured the intensity of reflexion of X-rays by the different faces 
of a crystal of rock-salt. E P. Lewis and A. C. Hardy measured the reflecting 
power of rock-salt for the ultra-violet rays. 

The heats of formation and the heats of soln. of the alkali chlorides 22 in water 
are « 

la Cl Had KCI BbCl CsCl 

Heat of f ormation . . 97 9 97*7 105*7 105 94 109 86 Cala 

Heat of soln ... 8 421 —1 175 —4 363 —4 227 —2 293 Cals 

A von Weinberg found the heat of dissociation of lithium chloride to be 193 2 
Cals , of sodium chloride, 181*4 Cals. ; of potassium chloride, 183 9 Cals. ; of 
rubidium chlonde, 183*8 Cals ; and of caesium chloride, 184 2 Cals 

The heat of solution of the alkali chlorides in water has been determined by 
E. L Haigh, M Berthelot, J Thomsen, V, Reichenberg, S. U Pickering, G. Lemoine 
and R do Forcrand The best representative values are indicated m the prece ding 
schema The heat of soln of potassium chloride increases numerically with a rise 
of temp , being —0 513 Cal at 3°, and — 4 4 Cals at 25°, or, according to J. Thomsen, 
—4 39+0 0354(0 — 15) Cals. , and for sodium chlonde, —1 775 Cals at 3°, and 
— 1 040 Cals at 25° ; or, 1 26+0 0295(0 — 15) Cals A soln of two gxam-eq. of 
sodium chlonde m 20 gram-eq of water when diluted by the addition of 80 gram-eq 
of water absorbed 1056 Cals, with 180 gxam-eq, — 1‘310 Cals ; and with 380 
gram-eq , — 1 410 Cals The heat of soln. of lithium chlonde m ethyl alcohol is 
11 74 Cals , and in methyl alcohol, 10 9 Cals. F R. Pratt, G, Staub, and R, 
Scholz have studied the heats of dilution of soln. of potassium and sodium chlorides. 
J. A. Beattie and D. A. Mclnnes measured the free energy of dilution of soln of 
lithium and sodium chlorides ; M Randall and C S Bisson of sodium chlonde ; 
and G McP. Smith and co-workers for potassium and sodium chlorides. 

According to M. Berthelot, heat is absorbed by the soln of sodium chloride 
m water at 15°, less heat is absorbed at 76°, and heat is neither absorbed nor evolved 
at 100°. S Arrhenius, A. E Stearn, R. F. Schneider, and G. MoP. Smith 
measured the heats of dilution of aq soln of sodium and potassium chlorides alone 
or mixed with strontium or barium chlorides ; and A. J. Allmand and W. G. Polack, 
the free energy of dilution of soln. of sodium chloride. The heats of dilution m 
cals are negative, rather greater numerically for potassium chloride than for sodium 


chlonde 

Normality 

• 


32 

1*0 

0*8 

0*4 

02 


"Water dilution 

• 


27*4 

34 83 

36 46 

37*72 

28*8 

NaCH' 

Heat dilution 



—546 

-246 

-70 0 

-29 62 

— 17*64 

Water dilution 



11 2 

7 83 

16*76 

8 86 

14*6 


Heat dilution 



—268 

— 71*1 

-48 44 

—12 48 

- 10*0 


’Water dilution 



39 0 

40-0 

40*0 

34*96 

— 40*0 

KC 1 J 

Heat dilution 



— 781 '0 

289*6 

- 70*68 

- 16*0 

— 2*74 

, Water dilution 



9*4 

10*0 

10*0 

16*0 

30*0 

1 

LHeat dilution 



— 261*2 

— 103*3 

— 27*8 

- 10*0 

— 3*26 


The existence of a measurable heat of dilution is taken to indicate the presence 
of complexes which are formed or decomposed by dilution. The reversible molar 
heats of dilution L, calculated from the relation d log (p/p 0 ) / (<fc=L/RT 2 , where 
f and 'Po respectively denote the v.p. of the soln. and of the pure solvent at the 
same temp., do not agree closely with the observed results. Since L is negative, 
j)/p 0 decreases with a rise of temp , and this agrees with an increased degree of 
ionization. A. A. Koyes (vide infra) found decreased ionization with rise of temp. 
Hence, the observed effects are taken to show that complexes existing m boIu 
are decomposed by dilution. H. Lunden estimates that the heat of ionization of 
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lithium chloride at 23° is 0 651 Cal ; of sodium chloride, 0*454 Cal. ; and of 
potassium chloride, 0 362 Cal The heat oi neutralization of aq soln. of lithium 
hydroxide and hydrochloric acid is 13 85 Cals , sodium hydroxide, 13*745 Cals. ; 
potassium hydroxide, 13 75 Cals , or, the heat of neutralization of potassium 
hydroxide by hydrochloric acid is 13 60 — 0 05(0 — 20) Cals 

The solubilities of the alkali chlorides expressed m grams per 100 grins, of water 
are : 





0° 

10° 

20° 

40° 

60° 

80 c 

100" 

LiCl . 


• 

. 67 0 

419 

78*5 

90 5 

103 0 

115 0 

127 5 

NaCl ♦ 


* 

. 35 7 

35 8 

36*0 

36 6 

37 3 

38 4 

39 12 

KC1 . 



27 6 

31 0 

34 0 

40 0 

46*6 

51 0 

66 7 

RbCl . 



. 77 0 

84 4 

91*1 

103 5 

116*6 

127 2 

138 9 

CsCl . 



. 161 4 

174 7 

186 5 

208 0 

229*7 

250 0 

270 5 


In addition, the solubility of sodium chloride at — 15° is 32 73 , at —10°, 33*49 ; 
at —5°, 34*22 , at 118°, 39 8 , at 140°, 42 1 , at 160°, 43*6 ; and at 180°, 44 9 
The solubility of potassium chloride at 130° is 66 0 , at 147°, 70 8 , at 180°, 77 5 ; 
at —9°, 23 9 ; and at — 4'5°, 25*9 The solubility of rubidium chloride at 112 9° 
is 146 6 ; and of caesium chloride at 119*4°, 290 0 

An early as 1819, J L Gay Lussac proposed to represent the solubility S of 
potassium chloride in water at a temp 0 by the formula £=29*23-f0 27380 grins, 
per 100 grins, of water Since that time it has been customary to represent solu- 
bility curves by empirical formula of the type £=a4-ft0+tZ0 2 +. . where a, ft, 
c, d, . . . are constants whose numerical values are calculated from the experimental 
data Equations of the type £=a+60 represent straight lines, equations with more 
terms represent curved lines ; the solubility equation S=a+W+c6 2> represents a 
portion of a paraboloid curve. The greater the number of terms used m the 
formula the greater is supposed to be the accuracy of the result. 

In illustration, A. G4rardm (1865) altered J L. Gay Lussac’s formula to £=29 23 
4-0*29000, LCde Coppet to 29 33 4-0*3206(0-4) -0 000677(0-4)*, for temp, above 4°; 
A E Kordenskjold to log £=1 4655— 0 003794-0 0000090* between. 0° and 100°, but, 
according to G. J Mulder, it is not applicable between 0° and 4°. According to A Etard, 
the amount £ of anhydrous salt m 100 parts of soln between —10° and 76° is £=20*50 
4-0*1470; and between 75° and 180°, is £=20 60 +0 07930. L C de Coppet’s curve 
for the solubility of sodium chloride above 20° is £ =34*359 4-0*05270 ; J L Andreae’s 
curve for the solubility of sodium chloride is £=35 634-0*007889(0—4)4-0 0003113(0—4)* , 
G Karsten’s, £=26 519+0 01695590+0 00009016150* H. Kopp’s, £=36 48+0 0247480 
+ 0 00010000* + 0 000002655550* , A E Nordensk] old’s, log £ = 0 448 + 0 0001056 
+0*000003190*; C. A Raupenstrauch’s, £ =39 575+0 0088588(0—0 5)+0 00027966(0— 0 5) a , 
and D. I. HendeleefE’s curve for the number of grams of sodium chloride in 100 grms. 
of water, at 0° between 0° and 108°, is £=36 7+0 0240+0 0020* — below 0°, the equation 
is inapplicable because of the formation of the dihydrate The percentage composition 
£ of sat. soln. of sodium chloride at 0° is represented by G Xarstm 21 by the expression 
£=26*519-0*01695590+0*00009016150*. 


The equations are sometimes useful, but it must be borne m mind that the 
formulae are equations of continuous curves, whereas actual solubility ourves are not 
usually continuous except over limited ranges of temp determined by the stability 
of particular phases — eg hydrates The effect of pressure on the solubility of 
sodium chloride has been previously indicated C. Moller showed m 1862 that the 
solubility is increased by 20 and by 40 atm press The thermal expansion of salt 
soln. was also found by G. 0 Schmidt to be more regular than with water. 
W . C. Rontgen and J Schneider, and V. Schumann, have measured the compres- 
sibility of soln. of potassium and sodium chlorides 

The solubility of each chlonde is depressed in the presence of another salt with 
a like ion — for instance, the solubility of sodium chlonde is depressed by increasing 
proportions of ammonium or potassium chlorides , or by sodium carbonate » hydroxide , 
or nitrate . Similar results obtain with potassium chlonde, in the presence of 
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ammonium, magnesium ot sodium chloride or by potassium bromide, hydroxide , 
or nitrate The effect of salts with no common ion is uften to raise the solubility. 
Thus, 0. J B Karsten 24 found the solubility of sodium chloride in water at 15° 
rises to 39T9 in the presence of 38 53 grins of potassium nitrate. This effect is 
due to the formation of complexes or to chemical reaction "With Karsten’s 
mixture there is a balanced reaction : KaCl+KN 03 ^KCT+NaN 0 3 . "When a 
mixed soln. of sodium chloride and potassium sulphate is cooled down to between 
3 J and 7°. crystals of what van’t Hoft calls the reciprohe Sahpaar — pair of reciprocal 
salts — sodium sulphate and potassium chloride separate As a rule the solubility 
of sodium chlonde m soln of non-electrolytes or feeble electrolytes is diminished 
in such a way that if S 0 denotes the solubility of the non- electrolyte in water; 
£, the solubility of the salt in the soln , and _V, the normality of the soln , then 
(£ 0 — S)/NSq is a constant J N BronBted measured the solubility of potassium 
chloride in soln of potassium hydroxide of different cone C. Chorower studied 
the mutual action of alkali chlorides and hydroxides F. A. H. Schreinemakers 
and G, M. A Kayser found the solubility of hthium chloride is much depressed in 
the presence of the sulphate 

Soln. of various gases in bnne and other salt soln have been investigated from 
this point of view 26 For example, E. G. Kunipf, W L Goodwin, and C. A.*Kohn 
and F. O'Brien have investigated the system H 2 0 — NaOl— Cl 2 — vide chlorine ; 
C. J. J. Fox, the solubility of sulphur dioxide m salt soln. ; R Abegg and H. Riesen- 
feld, D. P. Konowaloff, and A. Joannis the solubility of ammonia m salt soln. ; and 
C. G. MacAxthur the solubilities of oxygen in an aq. soln, of the alkali chlorides. 
For Jflf-soln. of the alkali chlorides, the solubility of oxygen in c c. per 1000 c.c. of 
the salt soln at 25° when water unity has the sp gr 1000 at 25° and dissolves 5*78 c c. 
of oxygen per litre : 

LlCl KaCl KC1 BrbGl CsCl HTB.Cl 

Sp.gr.. . . 1 0004 1 0022 1 0030 1 0094 1-0140 1 0016 

Osygen c.o. . . 6-63 6-62 6-52 C-66 G-67 2*31 

The decrease in solubility does not proceed regularly with a decrease in the 
mol wt from caesium to rubidium. The solubility of oxygen decreases as the cone 
of the salt soln increases Thus, for J^-sodmm chlonde soln. the solubility 
is 5*30 c c per litre , for IV-soln , 4 20 , fox 2^-80^ , 3 05 , for 4ZV-soln , 1 62. 
The decrease with ammonium chlonde is very great, being 0 07 with iV’-soln 
The decrease is attributed to the fixation of water by the salt or the ions of the 
salt, or both, a question previously discussed. 

H C. Sorby showed that while the solubility of sodium chloride is raised by 
press , that of ammonium chloride is decreased by press., and that the soln. of the 
former is accompanied by a decrease in volume, while the soln of the latter 
is attended by an increase in volume F. Braun made analogous observations. 

E. Cohen 26 and co-workers have made careful measurements of the effects of 
press on the solubility of sodium chlonde At 24*05°, 100 grins, of water dissolve 
35 90 grms, of this salt at one atm press ; 36 25 gnus, at 250 atm , 36 55 grins, 
at 500 atm : 37 02 grms, at 1000 atm. ; and 37 36 grms. at 1500 atm press. ; or, 
the solubility S of sodium chloride at 24 05 ° 3 and a press p between 1 and 1500 atm. 
is £=35 898+0 001647p— 0 0000003268p 2 grms. per 100 grms. of water. 

0. J. B. Karsten, A. Fock, 0 J. Mulder, A. Winkelmann, K van Hauer, 

F. Rudorff, and P P Fedoteeff have measured the solubility of sodium or potassium 
chloride in soln. of ammonium chloride > and in soln. of sodium bicarbonate ; 
0. J. B. Karsten, A Winkelmann, F. Marguentte, F. Rudorff, and J. Hannaman, 
in ammonium nitrate ; F. Rudorff, in ammonium sulphate; 0. J. B Ka rs ten, 

G. J Mulder, H. Kopp, A. Levol, J. H. van't Hoff and W Heyerhoffer, and 

H. Precht and B. Wittgen, in soln. of sodium or potassium sulphate; or magnesium 
chlonde; M. Berthelot, R. Engel, and F. Winteler in a q. sodium, hydroxide ; 
G Touren, G. Bodlander, W. W. J. Nicol, C. A Soch, A "Winkelmann, H, Kopp, 
G J Mulder, R. W. Page, and A. D. Keightly and C. J. B Karsten, in soln. of sodium 
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or potassium nit? ate; A Rock and K. van Hauer m soln of sodium or potassium 
broituie ; J H Gladstone and F, Marguentte with potassium chlorate , C J B, 
Kaisten in fc»o!n of banum chloride; K , van Hauer and A Etard in soln of potas 
siu??i or sodium iodide , and H. Precht and B Wittzen, C A Sooh, A Etard 
A Winkelmann, C J B Karst en, F RudorfE, and W W J Nicol, of sodium and 
potassium chloride in the presence of one another 37 

The solubilities of sodium and potassium chlorides m soln of hydrochloric 
acid 28 are depressed in a similar manner , thus, the solubilities of sodium and 
potassium chlorides represented by the number of grams per 100 c c of soln , axe, 
at 0°, 


HCl . 

• 


. 1 42 

2 41 

4 05 

8 29 

12 40 

14 95 

23 88 

KOI . 

• 


. 22 69 

20 84 

17 71 

1193 

7 46 

5 60 

1 49 

HCl 

m 


. 1 859 

3 38 

5 49 

11 20 

20 54 

94 77 

120 6 

NaCl . 

• 

. 

* 23 4 

25 7 

22 6 

13 7 

3 6 

2 01 

1 6 


S imil arly, R. Engel found that with 8 2, 24 1, 29 5 grms. of hydrogen chlonde, 
the soln can dissolve respectively 41 4, 28 5, 24 6 gnns of lithium chloride 
R, Engel 29 noticed empirically that with barium, strontium, and other chlorides 
the solubility diminishes in the presence of hydrochloric acid by a quantity which 
corresponds with an eq. of chlonde for each eq of hydrochloric acid added , oi ¥ 
in other words, the sum of the eq of the chloride and acid remains constant The 
sum of the eq at first diminished slightly and then increased. This rule did not 

hold good after the solubility had fallen less than one- 
fourth its value m water, with ammonium chloride, 
on the contrary, the sum of the eq steadily and 
gradually increased. G Jeannel further found that 
Engel’s rule is not applicable to potassium chlonde and 
hydrochloric acid unless the water is taken into account, 
when the sum of the eq. of the three substances 
remains constant , and generally, excepting for very 
slight deviations, G Jeannel found that the solubility 
of the chlondes in water m the presence of hydrochloric 

Fia 21 Solubility Curve ac ^ varies so that the sum of the eq of salt, acid, and 

of Lithium Chlonde. water m soln. are nearly constant at the same temp r 

whatever be the nature of the chloride The addition 
of mercunc chlonde raises the solubility m consequence of the formation of the 
double salt, 2HgCl 2 NaCl. 

There is a break 30 in the solubility curve of sodium chlonde at 0 15° corresponding 
with the formation of dihydrated sodium chloride, NaOl 2H 2 0 , this point is lowered 
to —2 35° in the presence of potassium chlonde, and to — 2 85 in the presence 
of sodium sulphate. The eutectic or cryohydrate temp for the system NaCl 2H 2 0, 
ice, and sat soln , is at —21*2° ; and the eutectic mixture has 28 9 grins of 
sodium chloride , and with potassium chlonde the eutectic temp is —10 9° for 
soln containing 39 grms. of salt The eutectic KCI+I8H2O is not a definite 
compound 

The work of A. Bogorodsky 81 shows that lithium chlonde forms three hydrates — 
(i) needle-like crystals of tnhydrated lithium chloride, LiCl 3H 2 0 , this passes 
into (11) dihydrated lithium chlonde, LiCl 2H 2 0, at — 15° ; the latter passes into 
(in) monohydrated lithium chloride, LiCl,H 2 0, at 12*5° (perhaps 21 5°) , and the 
latter, in turn, into the anhydrous salt at 98° The last three compounds crystallize 
m cubes or octohedra in the cubic system. A supersaturated soln. of the dihydiate 
m 98 per cent alcohol is said to deposit the hydrate 2LiCl 3H 2 0 These hydrates 
have not been closely investigated , the solubility curve is supposed to be that, 
indicated more or less diagrammatically m Fig 21. 

The solubilities of the alkali chlondes in soln of ethyl alcohol decreases with 
increasing proportions of alcohol, and become very small m absolute alcohol 




THE ALKALI METALS 543 

According to C A L de Bruvn, 100 crms of absolute ethyl alcohol dissolve 0'034 
gnu of potassium chloride at 18 .V. aud <J UH"i grm of sodium chloride. A mixture 
of equal parts of 96 per cent alcohol, and 08 per cent ether, savs A Mayer, dissolves 
0 011 grm. of sodium chloride The number of grams of sodium chloride which can 
be dissolved by a 100 c c of aq alcohol of different cone, is as follows , 

Ethyl alcohol (13°) . 11 81 15 99 24 95 40 33 57 91 72 26 

NaCl - . . 23 26 20 81 16 23 9 13 3'47 Do 0 

Sp gr . . . 1 1348 1 1144 1 0698 O‘9SS0 0 9075 U*8400 

Similarly, with potassium chloride : 

Ethyl alcohol (14 5°) - 2 79 10 66 20 66 40 42 48 73 68 63 

KC1 . 26 85 20 56 14 27 0 35 3 S2 0 30 

Sp.gr. . . . 1*1542 1 0545 1 0545 0 9095 0 9315 0-8448 

The solubility increases with temp For example, with ethyl alcohol, of sp. gr. 
0 9282, that is, aq alcohol with 54 per cent by weight of alcohol, dissolves per 
100 grms of solvent at 

4° 10 a 23° 32° 44° 51° 60" 

Gram. NaCl . . 10 9 11 1 119 12*3 13“1 13 8 14 1 

The solubility of potassium chloride m ethyl alcohol of sp gr. 0 939 rises from 
4*0 at 0° to 11 8 at 60°. Similar results are obtained 
with other mixtures of alcohol and water According to 
C. A L de Bruyn, 32 100 grins of 98 per cent methyl 
alcohol dissolve 1 22 grms of sodium chloride, and 14 
grms dissolve in 40 per cent methyl alcohol ; 100 grms. 
of propyl alcohol of sp. gr 0*816 dissolve 0 033 grm. of 
sodium chloride at room temp., while potassium chloride 
is almost insoluble in this menstruum, and luminescence 
occurs when soln of hydrogen chloride in propyl alcohol 
are treated with potash lye 33 At 17°, 100 mols. of 
acetic ether dissolve 0‘31 mol of sodium chloride, and at 
40°, 0 037 mol 

The solubility of sodium chloride in aq acetone at 20° 
falls to 27*18 with 10 o c of acetone per 100 c c. of sol- 
vent to 0 25 with 90 c c. of acetone per 100 c c. of 
solvent ; at 0°, 100 grms of acetone dissolve 4 6 grms of hthium chloride, and 
at 58°, 2 14 grms , so that the solubility is diminished by a rise of temp. The 
solubility of potassium in aq soln of acetone increases from almost zero with 100 
per cent acetone at 20° to 8 46 with 50 per cent acetone ; and to 21*38 with 20 
per cent acetone At 30°, 100 grms. of a soln. with 6 96 per cent acetone 
carries 23 42 per cent potassium chloride and the remainder is water ; 8 06 per 
cent of this salt is present m a soln with 45*98 per cent acetone ; and 0 13 per 
cent of this salt in a soln. with 89 88 per cent, of acetone. At 40°, a soln. with 
15 75 per cent acetone carries 21 28 per cent of potassium chloride ; and with 
79 34 per cent of acetone there is 0*58 per cent of potassium chloride. At 40°, 
therefore, for cono of acetone between 20 and 80 per cent , the sat soln separates 
into two layers , the upper layer has 55*2 per cent water, 31 82 acetone, and 
12 99 KC1, when the lower layer has 28*14 per cent water, 69*42 acetone, and 
2 44 KC1 Similarly, when the upper layer has water, acetone, and potassium 
chloride in the respective ratio 46 49, 45*34, and 8*17 ; the lower layer has 38 68, 
56 17, and 5 25 The separation into two layers with sat soln. of potassium 
chloride containing 26 per cent acetone, ocguts at 46*5° and the temp, of separation 
with other proportions of acetone is indicated in Fig 22 C. E. Lmebarger (1892) and 
J. E. Snell (1898) 84 found the phenomenon also occurs with the chlorides of lithium, 
ammonium, sodium, rubidium, calcium, strontium, cohalt, and many other radicles , 
also with bromides, sulphates, cyanides, and numerous other salts with aq. acetone. 





O ZO -90 60 80 m 
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Fia 22 — Temperature of 
Separation into two 
Layers of Saturated Solu- 
tions of Potassium Chlo- 
ride in Aqueous Acetone 
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in aq propyl alcohol, and “with methyl alcohol C E Linebarger observed the 
phenomenon only with potassium carbonate The phenomenon, indeed, was first 
mentioned by Raymond Lully m the thirteenth century , for, when preparing 
cone, alcohol, he noticed that the addition of potassium carbonate to aq soln of 
ethyl alcohol caused the liquid to separate mto two layers Centuries later, 

R Brandes, H Schiff, J Traube, and 0 Neuberg, and C E Lmeharger added 
many other examples J F Snell studied the condition of the formation of two 
liquid phases in a three component system — water, acetone, and potassium chloride 
Lithium chloride is fairly soluble in many oTgamc fluids, and m some oases 
much heat is developed, and compounds are formed Eg the compounds 
LiCl 3CH 3 OH , LiCl 4C 2 H b 0H have been isolated According to H E Patten 
and W R Mott, 100 grins of a sat. soln of hthium chloride in water at 25° contains 
45 0 per cent of the salt , in ethyl alcohol , 2*475 grins of the salt ; in propyl alcohol , 

3 720 gms , m butyl alcohol , 9 56 grins , m amyl alcohol , 8 25 grins , m allyl 
alcohol , 4*20 grms ; and m phenol, I 89 grins L W ; WinHer found hthium chloride 
to be readily soluble in primary butyl alcohol, while the chlorides of sodium and 
potassium axe very sparingly soluble According to G Lemoine, the solubility of 
hthium chloride m the alcohols decreases proportionally with the mol wt of the 
alcohol F A. Gooch says that 10 c c of amyl alcohol dissolve 0 66 grms. of 
lithium chloride, 0*0041 grm of sodium chloride, 0 0051 grm of potassium chloride, 
and less than 0*009 grm of rubidium and csesium chloride L N Andrews and 

C Ende have shown that lithium chloride haB 
a tendency to polymerize when dissolved in 
alcohol and other organic solvents , H C Jones 
and co-workers have also shown that there is a 
tendency to form complexes between the lithium 
salt and the organic solvent , while E. W Wash- 
burn and E W Mclnnes calculate that m a 
^N - aq soln of hthium chloxide, each mol. of the 
solute is hydrated with 18 mols of the solvent 
F G Donnan and W E Gamer have studied 
the distribution ratio of lithium chloride between 
amyl alcohol and water [LiCl] [LiCl] Aq 

=0 0273 

S W Serkofi has studied the properties of 
acetone soln of lithium chloride and found evidence of the formation of complex 
salts According to J Schroder, potassium or sodium chloride is not perceptibly 
soluble m pyndme 36 at 10° ; but in aq soln of this menstruum, the solubility 
increases with increasing proportions of water Thus, while hthi um chloride is 
soluble in pyridine, the other four alkali chlorides are insoluble in anhydrous and 
97 per cent, pyridine, they are very slightly soluble m 95 per cent pyndme, and 
still more so in 93 per cent, pyridine. The solubilities of hthium chloride m 
anhydrous and in 97 per cent pyridine soln. at different temp are shown m 
the diagram, Fig 23. The curious break in the curve with anhydrous pyndme 
is supposed to be due to the fact that below 28° the soln contains LiCl 2C5H5N, 
and above 28°, LiCl C5H5N The table shows that at 20°, 100 grms of anhy- 
drous pyndme dissolve 13 39 grins of lithium chloride, and 100 grms of the 
97 per cent, pyridine (97 vols. anhydrous pyndme, 3 vols water) at 22° dissolve 
14 31 grms. of lithium chloride According to J. Schroder, potassium chloride is 
not appreciably soluble in aq. pyndme, but it dissolves m aq. pyridine, and 
this the more the greater the proportion of water m the solvent. The very 
sparing solubilities of potassium and sodium chlorides in amyl aloohoi, and in 
pyridine have been used for the analytical separation of hthium chloride from the 
other alkali chlondes in F. A Gooch’s and L Kahlenb erg’s processes 87 respectively. 

With glycerol 88 of sp. gr, 1*2555 (25°) the solubility of sodium chlonde at 26° 
falls from 31*93 to 29*31 grms. per 100 c c. of soln with 13 21 per cent glycerol as 


60 ° 


60 


*0 


20 


■ 

m 

m 

m 

■ 

m 

m 

wm 

m 

m 

■ 

ra 

■ 

P 

Up 

m 

■ 

m 

m 

■ 

■ 


m 

2 

i 

■ 

■ 

■ 

SI 

m 

■ 

■ 

■ 

■ 


10 *2 r* 16 i8 20 22 & 

Grms b Cl per too of solvent 

Fig 23 — The Solubility of 
Lithium Chloride m Anhydrous 
and 97 per cent Pyridine 


THE ALKALI METALS 


545 


solvent; and to 9*78 grins per ]U0 cc. uf solvent with lf/O per cent. glycerol. 
The corresponding numbers for potassium chloride ,*re 2S 61 grms per 100 c.c. of 
soln with 13 28 per cent, glycerol, and 8 25 firms with bHJ per cent, glycerol. 
At 15°, 100 grins of glycerol dissolve llTjgrms of lithium chloride, and 31 7 grins at 
14 8 D . According to \Y. F 0 de Conrnck, a sat soln of ethyl glycol, CgH^OHjoHoO, 
at about 13°, has 11 0 per cent of lithium chloride ; and 37 1 per cent, of sodium 
chloride ; while P. Walden found that at 25°, 100 gms of furfural , C 4 H 3 0 CQH, 
dissolve 0 085 grm of potassium chloride, and A Kohler states that a sat soln at 
31 25° contains 11 33 per cent of potassium chloride, and 62 28 per cent, of sugar ; 
or 62 17 per cent, of sugar and IT 13 per cent of sodium chloride. 31. Stuckgold 
found that a litre of ethyl urethane at 60° dissolved 0 023 mol. of sodium chloride, 
0 014 of potassium chloride. Potassium chloride does not dissolve in anhydrous 
and liquid hydrogen chloride; it dissolves in soln of antimony trichlonde , 39 and is 
said to form a complex 23KC1.10SbCl s . Sodium chloride dissolves in anhydrous 
liquid ammonia , but not in liquid carbon dioxide 

According to J L Andreae, a small contraction occurs when sodium chloride 
is dissolved in water, such that the specific gravity, S, of a sat. soln. which has a 
sp.gr S at 6°, is, at 6°, £= 0 000434(6!— 6) +0 00000017(62-6)2 ; D. I Mendeleevs 
formula is £=0'99916+0 007117p+0 0000214p 2 (water at 4° unity) According to 
G. T. Gerlach, 40 the sp gr. at 15° of soln of sodium and potassium chlorides are : 

Per cent, of salt , .1 5 10 15 20 24 

Sp. gr. NaCl (15°) . 10073 1*0362 1*0733 1*1115 1*1511 1*1840 

KOI (15°) . . . 1 0065 1*0325 1*0658 1 004 1*1361 1*1657 

and 1 200098 with a 26 per cent soln. of sodium chloride, and 1 1723 with a 24*9 
per cent, soln of potassium chloride. W. H. Green gives for soln of lithium 
chloride of normality N, at 18°/4° 

N . . . . 01 0*5 10 5 0 10 0 12*5 

Sp. gr. bid (18°) . . 100114 1*01082 1*03400 1*11015 1*21575 1*2686 

R. Hoskmg, G. T. Gerlach, and G. Lemoine’s values for the sp gr of soln. of 
lithium chloride at 15°, referred to water at 4° for soln with C mols. of the salt per 
litre ETe : 

0 . . . 0 00654 0 1030 0*5230 1*0125 2*937 5*02 10*71 

Sp gr. . 0 9992 1*0016 1 0115 10234 1*0665 1*1107 1*2319 

M. le Blanc and P. Rohland’s, W. Blitz’s, and P Fouqu6’s values for the sp. gr. 
of soln of rubidium chloride run from 1 0502 to 1 0805 at room temp, 
when the cone rises from 6*64 to 10 59 per cent The sp. gr. of a 0*33 per cent, 
soln. of caesium chloride is 1 0021 at 0°, and 1 0018 at 11°. J, A. Groshans noted 
that solid sodium compounds have a greater sp gr. than the corresponding potassium 
compounds, and with aq. soln., with an equal number of mols per unit vol , the 
sp gr of the potassium soln. is greater than that of the sodium compound. 
P L. Haigh’s values for the sp gr of iV-soln. at 20 °/4° are : 

Li Cl SaCl KC1 BbCt CsCl 

Sp gr. . 1 02237 1 03866 104443 1*085405 1*125815 

In general, the temp. coefL of normal soln of the chlorides of potassium, 
rubidium, or caesium are identical within the limits of experimental error; but 
sodium chloride soln. expand a little faster; and lithium salt soln. a little less 
rapidly. F. L. Haigh measured the expansion of normal soln of the alkali chlorides 
at between 20° and 0°, and between 20° and 50° : 



Lid 

Nad 

KOI 

B.DC1 

Cad 

0 

o 

1 

a 

O 

<N 

— 27 1 

-42 0 

-38*5 

—38*7 

-38 9 

20° -10° 

-18 0 

-25 4 

—23*5 

—23 7 

23 2 

20° —30° 

27 0 

32 7 

32*7 

31 1 

31*4 

20° —40“ 

61 1 

71*4 

71*4 

69 4 

69 3 

20° -60° 
VOL IL 

101*2 

116*2 

116*2 

113 0 

112*4 
2 N 
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J. L Andraie repiesents the volume v of a soln at 8° by i7=i?i[l +0*000444(0— 0J 
+0 (HX)U<JO97g(0—0 a ) 2 ] 3 where v x represents the volume at 0+ K Zepemick and 
G Tainmann repiesent the volume v of a soln containing 2 78 grins of sodium chloride 
per 100 grms of water at 9 °, by ^=1 *0524+0 000840(0— 100) +0 0000020(0 — 110) 2 , 
and when the soln. contains 12 21 grros , ®=1 0555+0 000802(0—110) For soln! 
with 3 94 grms of potassium chloride per 100 c e , u=l 0536+0 000728(0—110) 
+OOOOOO42(0—11O) 2 , and with 15 76 grms, v=l 0528+0 000758(0— 110) 
+0 0000011(0—100)2 N. A. Tschemay gives for the volume v of a soln. at 9° 
lithium Ghloride, LiC 1+50H 2 0, 17=1+0 O 4 6520+O O fi 43550 2 ; sodium chloride, 
NaCl+50H 2 O, r=l+0 0 3 1457+0 O 6 375S0 2 , NaCl+100H 2 0, v=l+0 0 4 602 9 

+O*O fi 48250 2 ; potassium chloride, KC l l+50H 2 0, i7=l+O*O 3 12390+O O 6 36110 2 , 
KC1+100H 2 0, u=l+0 O 4 59O0+O O 6 44O70 2 ; and for rubidium chloride, RbCl 
+50H 2 0, t’=l+0 O3I2670+OO537I60 2 . G P. Baxter has measured the ep gx 
of soln. of the five alkali chlorides and compared the observed mol vol of the solid 
with those computed from the at vol of the elements and with the mol vol of the 
salts in soln F. Kohlxausch and W. Hallwachs have measured the sp gr. 
of very dil soln of salt J E Ekman found empirically that the percentage 
amount of sodium chloxide m sea water of sp. gr 1 0166 is 130 x0 0166=2*158 per 
cent of sodium chlonde 8. Lussana found the temp. 0 of maximum density of 
0 50 and 1 44 per cent aq soln of sodium chloride can be represented respectively 
by 0=3 35—0 0177(p— 1) and 0=0 77—0 0110(p— 1) 

The rate of solution of the different faces of a crystal of rock-salt is slightly 
different, bemg rathei faster on the octohedral face than on a cubic face, and 
intermediate between these two rates on the dodecahedral face 41 A Ritzel has 
shown that in the absence of urea, the octohedral faces dissolve fastest, and in the 
presence of urea, the cubic faces W. Poppe found that with 0*5 and 1 0 per cent, 
under-sat. soln , each crystal face dissolves at a characteristic rate, but with a 
2 per cent under-sat sofa., all the faces dissolve at approximately the same rate. 
The solubility of cubic and octohedral crystals per 100 c c. of water at the end of 
a given tune is : 

Grams urea . . 0 5 13 18 23 28 

Cubic crystals . . 6 451 5 240 4 874 4 733 4 668 4 569 

Octohedral crystals . 6 453 5 240 4 868 4 726 4 648 4 650 

W Schnorx has also made a study of the dissolution of sodium chloride m soln. 
of urea. 

The boiling points of aqueous solutions of sodium chloride 42 containing pet 
100 grms of water. 


Giama of NftCl . • 7*6 ll’O 

B.p. . - . 102 2° 103 0° 

14 9 
104 2° 

18-8 
106 1° 

24 0 
107 7° 

26*0 
108 7° 

28 7 
109 5° 

Similarly with potassium chloride, 






Grams of KOI * • 9*2 16 7 

Bp. . . ' . 101° 102° 

23 4 
103° 

29 9 
104° 

36 2 
105° 

48 4 
107° 

67-4 
108 5° 


A sat. soln. of lithium chloride boils at 168°. The bp 43 of kthium chlonde soln was 
raised 0130° by the addition of 0 135 mol. of the salt to 1000 grms. of water, and 
1*743°, with 1 624 mols The effect this salt has on the b and f p of water is 
greater than would be expected if the salt were completely ionized This is 
attnbuted to the formation of hydrates which makes the ratio mols of solute * 
mols. of solvent assume a higher value than that calculated from the analysis of 
soln. The curve relating the mol. rise of the b.p. of soln. of the alkali chlorides 
with cono shows a minimum which is least with the chlorides with the greatest 
mol wt. ; with a soln. containing 0 0409 mol of rubidium chlonde m 1000 grms of 
water, the b.p. nses 0*039° ; with 0 3458 mol., 0 313°; and with 0’9419 mol, 
0*860°* The corresponding mol rises in the b p. are 0 95°, 0*905°, and 0*913°. 44 
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The freezing points of aqueous solutions of sodium chloride 45 are represented 
by C .T B Karstens formula 0 0U222442p 2 — 0 7663%5p where p denotes the 
percentage composition of the &oln According to C. Blagden and C. M Despretz, 
the lowering of the f p of a soln. is propoitional to the quantity of Balt dissolved 
in a given volume of the solvent , hut, according to L C de Coppet this is neither 
the case for anhydrous sodium chloride, nor for'the dibydrate, XaC1.2H 2 0 With 
soln. containing 5 grms. of sodium chloride per lfXj <jrms of water, the f p. is 
lowered 0 580° per gram NaCI, or 0 348 3 per gram XaCI 2H a O ; the corresponding 
numbers for soln with 31 34 grms. of salt are 0 77a 3 per gram XaCl. and 0 37S 3 per 
gram NaC12H 2 0 ; if N denotes the number of mols of sodium chloride per 1000 
grms. of watei, the lowering of the f p of soln less than yjjAVXaCl can be represented 
by 3‘5534Y — 1 006A 72 For a soln with 0 0746 grin or 0 001 mol of pota^ium 
chloride m 100 grms of water, the lowenng of the f p, rouesponds with a substance 
with a mol wt 36, that is about half the mol wt of potabsmm chloride In dil. 
soln. therefore this salt is assumed to he completely ionized, and the percentage 
ionization of other soln. can he computed from their mol wt calculated from the 
lowering of their fp. The fp of a soln. containing 0*2172 grin, of potassium 
chloride per 100 c c is — 0 1031° , and one containing 24 39 gnus per 100 c c , 
—10 61 G The lowering of the f.p 40 for soln between 0*1 and 0*02A T -KC1 can he 
represented hv 3 56057V — 0 981961V 2 , and for soln of lithium chloride the number 
of mols of the salt m 1000 guns of water between AT=0 2938 and 0 02503 by 
3*611 6Y — 0 88570^2 Fot soln, of lithium chloride with A T =0 5136, the fp. was 
lowered 1 S53°, and for A T =07939, 2 945° With a soln of 0 1095 mol of rubidium 
chloride in 1000 grms of water, the f p was lowered 1 853°, and for A r ~0 7939, 

2 945° With a soln of 0 1093 mol. of rubidium chloride m 1000 grms of water, 
the f p was lowered 0 379° ; and with 0 7608 mol , 2 483°. With a soln. of 0*0952 
mol of caesium chloride, the f p was lowered 0 338° , and with 0 6930 mol , 2 240°. 
The higher the at wt of the alkali chloride the more closely do the results agree 
with the ionization calculated by W Ostwald s law of mass action 

The vapour pressure of aqueous solutions has been measured by F. II. Baoult 47 
A Smits, C Dietenci, and G Tammann A soln with 0 23793 grm. of sodium 
Ghionde per 100 c c. at 0° was reduced 0 007197 mm of mercury ; and a soln of 
19 657 grms , 0 53442 mm. Similarly, with a soln of 2 0 grms of potassium chloride 
per 100 c c the vap. press was lowered 3 033 mm , and with a soln. of 15 grms., 

3 310 mm A vap. press of a soln containing 4 27 grms. of lithium chloride in 
100 grms of water at 100° was lowered 25*7 mm of mercury ; with 13 86 grms. 
of rubidium chloride, 29 1 mm ; with 28 35 grms of rubidium chloride, 59*2 mm, ; 
and with 28 92 grms of caesium chloride, 45 1 mm. W. L Badger and E. M Baker 
measured the vap press of soln of sodium chloride at different cone, and temp , 
and B. F Lovelace, J. C. W. Frazer; and V. B Sease, of soln of potassium chloride 
at 20°. H. von Fehling noted that a sat soln. of sodium chloride attracts moisture 
from the atm 

The viscosity of a normal soln of sodium chloride is 1 093 ; and of potassium 
chloride, 0 978— water at 25° unity ; 48 and for N-, J2V-, and ■JY-soln of 

sodium chloride J. Wagner gave the respective viscosities * 1*0073, 1 0471, 1*0239, 
and 1 0126 , and of potassium chloride, 0 9872, 0 9874, 0*9903, and 0*9928 The 
viscosity of lithium chloride soln containing C mols of the salt pei litre at 15° is : 

G . . . 10 71 5 02 2 937 1*0125 0 5203 0 1030 0 00654 

Viscosity. . 0 0805 0 02331 04)1718 0’0I308 0 01220 0 01220 0 01144 

According to J. Wagner, the viscosity of normal soln. of rubidium chloride at 
25° is 0 9846 , and of caesium chloride, 0*9775, under similar conditions 
W H. Green measured the viscosity and fluidity of aq soln of lithiuni chloride 
at 17 92° and 25° ; he found at 25° for 0 61752V, 5 325iY, and 12 3452V-soln. the 
respective values 0 009724, 0 019319, and 0 09589 when the value for water is 
0 008955. B. Cohen measured the effect of press on the viscosity of soln. of 



548 


INORGANIC AND THEORETICAL CHEMISTRY 


sodium and a mm onium chlorides of different cone The results with soln of 
sodium chloride of different percentage composition are indicated in Fig. 24 The 
dotted curves refer to a temp of 2°, the continuous curves, 14*5° The results for 
water alone are marked 0 per cent The more dil the soln the more apparent 
is the anomalous behaviour of water There is a definite temp for soln between 
5 and 10 per cent at which the influence of press of 600 atm is zero F Korber 
represented the effect of press p on the viscosity r) of 0 OlN-soln. of the alkali 
halides at 19 18° in terms of djj/rjdp, as indicated m Table XIX 

Table XIX - — Effect of Pressure on the Viscosities of Solutions of the 

Alkali Halides 


Press. 

HC1 

IdCl 

Nad 

Kd 

NaBr 

KBr 

Nal 

EC 

1 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 

Mil 

«<] 

-0 0274 

-0 0240 

—0 0148 

-0 0170 

-0 0097 

-0 0113 

-0 0019 

SSSmilisTi] 

1000 

-0 0490 

-0 0374 

-0 0194 

-0 0246 

-0 0114 

-0 0150 

+0 0062 

^Sll III! H 

1500 

-0 0630 

-0 0442 

—0 0190 

-0 0238 

-0 0041 

-0 0086 

+0 0214 

-f 0 0148 

2000 

—0-0720 

-0 0473 

—0 0103 

-0 0169 

-0 0086 

+0 0031 

+0 0404 

+0 0326 

2500 

-0 0773 

-0 0492 

+0 0024 

-0 0055 

+0 0255 

+0 0173 

+0 0616 

+0 0623 

3000 

-0 0795 

-0 0496 

+0 0164 

■f 0 0066 

+0 0456 

-f 0*0347 

+0 0862 

+0 0742 


The diffusion coefficient, Jc } of sodium and lithium chlorides per cm per sq cm. 
per day, is for soln of normality N , 


N 

•f 


NaCl 

LiCl 


. 2 

„ 1 109 

. 0 928 


1 

1 078 
0 920 


0 6 
1 065 
0 919 


0 2 
1 069 
0 929 


0 05 
0 971 


0 01 
1 000 


and for potassium chloride soln of normality 2 95 N, 1 60 ; 0 9 N, 1 52 , 0 IN, 
1*38 ; andQ 02 N s 1 36. F. G Donnan and co-workers have studied 40 the equilibrium 
in aq. soln of two salts at either side of a membrane imper- 
meable to one of the salts — e g a diaphragm of copper ferro- 
cyamde with an aq. soln of potassium chlonde on both sides 
and of potassium ferrocyamde on one side 

R Rother 60 found the surface tension of aq soln. of 
sodium chloride to be 7*357+0 1566a; xnillignns per mm, 
where 7*357 represents the surface tension of water m the 
same units, and x the number of gram eq of the salt m 100 
eq (900 grins) of water. Otherwise expressed, the surface 
tension of an aq soln of sodium chlonde containing N-mols of 
salt per litre is 72 17+1 ‘382N dynes per cm., where 72 17 
represents the surface tension of water in the same units. 
Accordmg to W. Gxabowsky, the surface tension of a 9*47 per 
cent. soln. of potassium chlonde at 10° is 75 91 dynes per 
cm , and at 30°, 73 05 dynes per cm ; for a 18*27 per cent, 
soln. at 10° and 30°, respectively, 78 14 and 75 13 dynes per 
cm , and for a 23*32 per cent soln., at 10° and 30°, respec- 
tively, 79*63 and 76 75 dynes per cm For a 10*24 per cent 
soln of sodium chloride at 10° and 30°, respectively, 77*27 
and 74 22 dynes per cm , for a 18*71 per cent. soln. respectively, 80 26 and 75 55 
dynes per cm. ; and for a 26*24 per cent* soln , respectively, 83 96 and 80 95 dynes 
per cm. 

A. Heydweifler 51 sought to measure the cohesion between a solute and solvent 
by means of the volume changes which occur on soln. If m be the mass of an ion, 
and u its mobility, the product hmu is called the lonenmodulus, and h is a constant 
0*00112 for univalent ions, and 0*06372 for bivalent ions The modulus was calcu- 
lated in various ways, and the result was considered to represent the cohesion 



Fig. 24 — Effect of 
Pressure on the 
Viscosity of NaCl- 
solutions 
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between water and compounds of the elements. The product mu may be regarded 
as representing the characteristic electric charge of an ion Cohesion is therefore 
assumed to be proportional to the electric charges of the ions. In chemical com- 
pounds, the negative ion seems to play the principal part m determining cohesion. 
This is shown by plotting the specific cohesion of the molten sodium and potassium 
halides against the charges of the negative ions (where the hydrogen charge is 
regarded as +4 81) The specific cohesion c was measured by S Motylewsky, and 
the calculated values were obtained from c=GOO/(e-f 60), where c denotes the charge 
of the negative ion In a given family of salts, the sp gr varies approximately 
as the sq root of the atomic charge, so that the observed sp gr D corresponds 
v*ith the values calculated from the equation Z)=l’5-J-0 022 \/ 2ee ' — calcium iodide 
does not give good results, but this may be because the observed sp gr is inaccurate. 




JiaCI 

KCI 

NnBr 

KBr 

Nal 

K1 

e 


. 35 2 

35 2 

82 8 

82 8 

129 

129 

c obs 

* 

6 63 

6 55 

4*44 

4*41 

3 53 

3*44 

c calc. . 

. 

. — 

6*69 

— 

4 43 

— 

3 44 


F E Bartell and 0. E. Madison 52 have studied the osmosis of acidic and 
alkaline 0 052V-soln of potassium, sodium, and lithium chlorides through gold- 
beaters’ skin membranes. 

The refractive indices, p, of sodium and potassium chlorides, 53 for visible rays 
of wave-length 0 768 to 0 441, are : 


Wave-length 

768 

627 

600 

508 

480 

467 

441 

(Nad . 

1 53671 

1 5421 

1*5463 

1 5509 

1 5534 

1 5557 

1 6596 

^\KC1 . 

. 1*4837 

1 4882 

1*4927 

14976 

1*4981 

1*5003 

16019 

and fox the ultra-violet 

rays : 






Wave-length 

8307 

5540 

3320 

2076 

1511 

978 

831 

(Nad . 

. 1 5138 

1 5184 

1*5230 

1 5264 

1*6280 

1 5321 

1 5347 

^\KC1 . 

. 1 4683 

1 4700 

1*4720 

1 4747 

1*4764 

1*4798 

14822 


According to N Lagerboig, the refractive index of sodium chloride for sodium 
light decreases with a rise of temp such that this constant at a temp., 0, has the 
value 1 64489 —0*00003070 between 14 5° and 42*5°; and I *5M89 -0*00003430, 
between 14*5° and 90 5° ; and, according to T. Liebisch, for sodium chloride, 1*49110 
—0*00003450. Blue rock-salt shows spectral absorption bands in the red and 
orange, and the middle of the hand corresponds with a wave-length A==630 fiu,; 
and with the blue crystals coloured by sodium 64 there is a strip in the yellow for 
A=562/a/x. The refractive index of crystals of rubidium chloride for the D-line 
is 1*4928. The dispersive power of rock-salt (jl 0 — >tx F )//xr> — 1) for the red 
hydrogen (7-line (6563), the yellow sodium D-line, and greemsh-blue hydrogen X-line, 
is 0 0233 ; and for sylvme, 0 0226. Bock-salt has pc=l 5407 ; p**, 1*5534 ; and 
tote, 15443; and sylvine has ^=1*4872; /z f, 1*4983; 1*4904. H H. 

Marvin has also studied the optical dispersion. A rose-red fluorescence has been 
observed with violet and blue rock-salt, hut not with brown, yellow, or orange- 
coloured salt. W G. Rontgen also showed that rock-salt becomes luminous under 
the X-rays, and S. Kreutz has shown that some varieties of naturally coloured 
rock-salt, on wanning, become feebly but clearly phosphorescent. V. Meyer 
measured the magnetic rotatory dispersive power of rock-salt and sylvme. 

Some of G. P. Baxter’s values 65 for the refractive indices ol aqueous solutions 
of lithium, sodium, and potassium ohlondes, at 25°, are given in Table XX The 
percentage composition and sp. gr. of the soln are also indicated m the table. 
0, Pulvermacher has measured values for soln. of sodium chloride. F. L. Haigh 
gives for normal soln. of the alkali chlorides : 

laCl NaCI KC1 BbCi GaCI 

Index of refraction . * . 1*33648 1*33751 133743 1*33785 1*33902 
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The specific and mol refractions were also computed by Lorentz and Lorenz’s 
formula The increments in the densities and indices of refraction were found to 
decrease slowly with increasing cono , and to be nearly additive at eq cone — 
particularly with the more dll soln The specific refractions calculated on the 
assumption that the specific refraction of water does not change m soln are nearly 
constant, but decrease slightly with increasing cone. The curves showing the 
relation between cone, and the indices of refraction of these soln aTe slightly con- 
vex towards the cone axis corresponding with a slow decrease m the increments 
of the refractive index with increasing cone The electrical conductivity 66 of 
crystals of sodium chloride are greatest perpendicular to the cubic faces, and least, 
perpendicular to the rhombic dodecahedral face 


Table XX. — Refractive Indices of Solutions of the Alkali Chlorides. 


Lithium Chloride. 

Sodium Chlonde 

Potassium Chloride 

Per cent. 

Density, 

V- 

Per cent 

Density 


Per cent 

Density 

A 

0 6254 

1 000GS 

1 33388 

0 5280 

1 00079 

1 33342 

0 9466 

1 00308 

1 33376 

1 4114 

1 00511 

1 33556 

0 9980 

1 00413 

1-334:17 

2 4623 

1 0124 

1 33581 

2 7703 

1 01311 

1 33842 

1 1068 

1 00477 

1 33438 

4 8340 

1 0282 

1 33896 

5 7352 

1 02886 ; 

1 34465 1 

5 3562 

1 "03488 

1 34169 

9 4153 

1 0577 

1 34517 

10 3860 

1 OSS 3 2 

] 35494 

5 4131 

1 03532 

1 34179 

17 898 

1 1160 

1 35687 

13 1099 

1 07290 

1 36024 

14 3440 

1 10146 

1 35747 

21 770 

1 1441 

1 36236 


W. N Hartley 57 found the alkali chlorides in the oxyhydrogen blowpipe flame 
give lines of elements with a more or less continuous spectrum believed to be due 
to the respective metals Lithium chloride, however, gives no continuous spectrum 
GL P Thomson studied the anode rays from lithium chloride and other alkali halides. 

The electrical conductivity of sodium oblonde 58 is very small, less than 0*0001 
units— 8660 Xl0“* 8 (mercury unit) at 20°. The electrical conductivity of the 
molten salt at 960° is 0'9206 ; and, according to L Poinoare, at 750° the electrical 
conductivity is 3*339 reciprocal ohms per cubic centimetre , for potassium chloride 
at 75°, the conductivity is 1 908 reciprocal ohms W. Ostwald found that m the 
electrolysis of molten sodium chloride with carhon electrodes, there is scarcely 
any formation of chlorine or sodium unless special conditions are established, but 
the negative electrode increases in bulk and is destroyed owing to the cataphoresis 
of the molten chloride. The positive electrode is not affected The electrolysis 
of molten sodium chloride furnishing sodium and chlorine, and of sodium chlonde 
soln. furnishing sodium hydroxide, chlorine, and oxy-chlorme compounds are 
discussed in connection with the latter E Briner and co-workers have compared 
the current yields of alkali hydroxides by the electrolysis of soln of lithium, sodium, 
and potassium chlondes of different cone With 50,000 coulombs through 3'lA-soln 
the current yields are respectively 75, 82*5, and 87 per cent J. C Ghosh measured 
the conductivity of fused sodium or potassium chlonde , 0 San do m um , mixtures 
of the two chlorides , and E M Jager and B Kampe found the mol conductivity 
of potassium chloride, p, at B° between 775 7° and 943 6° to be iz=115 4+0 2575 
(0-800). 

The equivalent electrical conductivities of solutions of the alkali chlorides 5 ® 
containing a mol of the salt in i litres of water, at 25°, are 


V 

• 

. 32 

64 

128 

266 

512 

1024 

LiCl 

9 

. 103 8 

106*5 

109 8 

112 4 

114 6 

116 1 

NaCl . 

• 

. 107 2 

110 3 

112*6 

114 7 

116 6 

117 8 

Kca . 

m 

. 127 4 

130*3 

133 1 

134 9 

137 6 

138 8 

RbCl . 

» 

. 129 6 

134 0 

136 9 

138 6 

140 0 ' 

142 0 

CsCI . 

♦ 

. 129 9 

133 9 

136*8 

138 6 

140 8 

143 0 
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0 Gropp measured the conductivity of liquid and frozen so In. of lithium, sodium, 
and potassium chlorides F Re tig studied the electro-chemical action — nde alkali 
chlorates The electrical conductivity of soln of litlnum chloride m several non- 
aqueous solvents has been investigated Formic acid a* a solvent exerts an ionizing 
power of the game order of magnitude as water , in acetic aud, the lithium chloride 
seems to be partially associated to double molecules, LijCl 2 5 and in some solvent, 
the results are still further complicated by the union of the salt with the solvent 
According to H E Patten and W. E Mott, the electrolysis of soln of lithium 
chloride in some of the higher alcohols — eg phenol — furnishes metallic lithium 
when the rate of the reaction between the solvent and the deposited metal is not 
greater than the rate of deposition of the metal S von Lascznsky and S von 
Gorsky measured the conductivity of lithium chloride m pyridine, B. Schapire 
of sodium and potassium chlorides m aq alcohol H. Zanmnowich-Tessann measured 
the electrical conductivity ot soln of potassium chloride m formic acid ; and 
J. C. Ghosh m mixtures of pyndme and water 

The electrical conductivities of soln. of potassium chloride have been determined 
with a great degree of precision since aq soln of this salt are commonly used as 
nonnal standard liquids for measuring the resistance-constants of the apparatus 
employed m conductivity determinations According to C. D6guisne, the coeff. K 
at 6° m reciprocal ohms is represented by the expression 7ji[l+a(0— 18) +6(0-— IS) 2 ], 
where 7^ is the conductivity at 18°, and for 0 OOOlW-soln of potassium chloride 
0=0 02194, b=0 0000824 , for 0 OOlN-soln , 0=0 02172, b=0 0000667, for 
0 OlY-soln , a— 0 02149, b=0 0000653 . and for 0 0oA r -soln , a=Q*02127, and 
&=0*0000613 The limiting value of the eq. conductivity at 18° determined by 
F. Kohlrausch, A. A Noyes and W D Coolidge, A J. Wetland, S. J. Bates, 
C. A Kraus and W. G. Bray, E Wegscheider, W. Sutherland, H. 0. Jones, 
P T Muller and E. Eomann, and P Walden varies from A 0C =127 5 to 
m 4 

The measurements of the lowering of the vap press , the raising of the b p , 
the depression of the f p , and the electrical conductivities of aq soln. of the alkali 
chlorides are in harmony with the assumption that there is a partial ionization of 
the salts m soln. The degree of ionization of soln. of potassium, sodium and caesium 
chlorides of oonc TV-mols per litre is * 


JV. 

0 0001 

0 001 

0 01 

0*1 

1 0 

3 0 

50 

LiCl 

. . — 

98*0 

92 0 
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— 

— 

NaCl 

. 99 2 

97*7 

93 5 

84 4 

68 2 

— 

39 2 

KCl 

. 100*0 

99 0 

96 0 

96 0 

76 6 

67 9 

— - 

CbCI 

. 99 0 

97 8 

93 7 

86*7 

— 

— 
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According to A. A Noyes (1907). the degree of ionization decreases with a rise of 
temp. G. N Lewis and G A Linhart have compared the degrees of ionization 
calculated by thermochemical data and by the ratio A/A^. S Arrhenius gives for 
the heat of ionization at 35°, with ^7V-soln.,LiCl, — 399 cals. ; NaCl, — 454 cals.; 
and KOI, —362 cals 

The transport number of the lithium ion 60 at the limit of dilution at i8° is 
0*330 ; for 0*2 to 0 0006 normal soln of potassium chloride, the transport number 
of the cation is 0 494 between 0° and 18° , at 30° the constant rises to 0 499 for the 
anion, in soln between 0*3 and 0 008 normality, at 18°, the transport number is 
0 603, and this constant rises to 0*513 at 76°. The transport number of the anion 
m 0 05N-soln of rubidium chloride at 20°— 22° is 0*515 ; and in csesium chloride 
soln , 0'508 With soln. of sodium chloride, the transport number of the anions 
at 10° rises from 0 621 with 0 005#-soln to 0 648 with 3 N to 5#-soln. ; and for the 
cation m one per cent, soln , at 20°, the transport number is 0*608, and at 95°, 
0*551 S. A. Braley and J. L. Hall measured the transport numbers of potassium 
and sodium m mixed soln. of their chlorides. G von Hevesy estimated that the 
velocity of diffusion of ions in crystals of rock-salt is 3xl0^ 18 cm per day at 



552 


INORGANIC AND THEORETICAL CHEMISTRY 


ordinary temp , and 200 times faster at 150° In aq soln of alcohol, the transport 
number of the cation nses as the cone of the alcohol increases 

The e fleet of press on the electrical conductivity, resistance, degree of ionization 
of potassium and sodium chlorides has been measured by I Fanjung, 61 S Arrhenius, 
F. Korber, S. Lussana, G. Tammann, J Fink, and A L Stern The results of 
F. Korber for the ratio of the electrical resistance R P at a press p and JR 1 at unit 
press with A T -soln of the alkah hahdes, and with soln of sodium chloride of different 
cone., are indicated m Figs 25 and 26 F W Schmidt has mvestigated the influence 
of press on soln of the alkali halides in different solvents, and at different temp., 
and different cone H. S. Harned measured the electromotive force of cells 
Ho/KCl (or NaCl), HgCl/Hg ; J. A. Beattie and D A Mclnnes made observations 
on this subject D A. Innes and K. Parker, and M. Chow calculated the free 
energy of potassium chlonde m soln. A. Reis gave for the free energy for the 
separation of ions, KC1, 163 kgrm cals per mol . NaCl, 182 , LiCl, 179 ; and 
HC1, 326 P. D. Foote and F. L Mohler found the ionizing potential of sodium 
and potassium chlonde vapour to be about 5 volts. 



Fig. 25 — Effect of Pres- 
sures on the Electrical 
Resistance of Solutions 
of Sodium Chlonde 



Fig 26. — Effect of Pres- 
sure on the Electrical 
Resistance of ^-solu- 
tions of the Alkali 
Hahdes 


The reported values for the dielectric constant of sodium chlonde range from 
5'60 to 6 29, and it is the same m all directions ; the dielectric constant 62 of potas- 
sium chloride is 4 94. The dielectric constant of soln. of potassium chlonde is larger 
than for water. The dielectric constant of a 0 OOlN-KCl is 1*103 (water-unity) ; 
O’GOSAf-KCl, 1*034 ; 0 01JV-KC1, 1*113 ; 0 03Y-KC1, IT 60 The dielectric constants 
are not proportional to the electncal conductivities. Sodium chlonde is paramag- 
netic, 63 and the magnetic susceptibility of sodium chlonde is — 3 76~ 7 xl0~ 7 units 
of mass, 'A — 8 16 X 10“ 7 units of volume ; of potassium chlonde — 4 7 X 10“ 7 mass 
units * of x jesium chloride, —2*8xl0“ 7 mass units at 17° , and of lithium chloride, 
— 4 7 X 10' 7 mass units 

Ch em ical properties. — Sodium chloride is necessary for the proper performance 
of the physiolo^io«d^limctions of the body , the other alkali chlondes are said to 
be poisonous 64 with sma l l animals. According to 0. Richet, the m^yrnmim dose 
per kilogram of an ima l, with subcutaneous injections, is 01 gnn with hthium 
chlonde ; 0 5 gnn. with potassium chlonde , 1 0 gnn. with rubidium chlonde , 
and 0*5 gnn with csjaiipai chloride Lithium chlonde is very hygroscopic , sodium 
chloride is less hygroscopic, but it takes up 0*6 to 0*6 per cent, moisture on exposure 
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to air. There is virtually no hydtnlgsis in oqueovs solutions of sodium chloride, 
but at higher temp the salt is decomposed as di-eussed in connection with the 
formation of sodium hydroxide I his is shown by F. Emich s experiment 65 : 


Heat a little sodium chloride m a platinum crui il»le to bright redness, and add a couple 
of drops of water to the hot crucible that the Matoi a^umcd the spheroidal state In 
a moment, transfer the water to a beaker containing a famtlj coloured soln of blue litmus 
— the litmus is reddened, showing the presence of an tund— hydrochloi ic acid The salt 
remaining m the crucible is dissolved m water, and it turns red litmus blue, sho-wmer the 
presence "of an alkali — sodium hydroxide There appears to be a reaction. NaCl+HjO 
^NaOH -f-HCl, end the water abstracts the moie volatile hydrogen chlonde. 

Lithium chloride is more hydrolyzed m aq soln than sodium chlonde, and this 
requires some attention m analysis During the evaporation of an aq. soln. of 
lithium chloride, some hydrogen chloride is lost, and a mixture of the hydroxide 
and chloride remains To prevent the hydrolysis, the evaporation is either con- 
ducted m a stream of hydrogen chloride gas, or the soln. to be evaporated is mixed 
with a mm onium chloride , in the latter case, the ammonium chloride splits into 
ammonia and hydrogen chlonde, which prevents its hydrolysis. The action of 
steam on heated sodium chlonde can be recognized at 700°, and increases regularly 
with rise of temp, up to 1000°. Sodium chloride has an appreciable vap. press, at 
its m.p., and the reaction appears to take place mainly between salt vapour and 
steam Sodium and potassium chlorides are not altered in composition by fusion 
in air, but lithjum chlonde becomes alkaline and loses chlorine 06 According to 
H. Schulze, if sodium chloride be heated to redness m the presence of oxygen, a 
trace of chlorine is produced If heated with phosphorus, arsenic, or molyhdio 
trioxide, an acid chloride or chlorine is produced Many acids decompose sodium 
chloride with the evolution of chlorine — e.g nitric and boric acids Alumina, 
borio oxide, and silica similarly decompose molten sodium chloride, and, in the 
presence of moisture, hydrogen chlonde with sodium aluminate, borate, ot silicate 
is respectively produced. A mixture of ferrous sulphate and sodium chloride 
furnishes chlorine and sodium sulphate when roasted in air , 07 ammonium 
hydrogen sulphate gives sodium ammonium hydrosulphate and hydrogen 
chlonde, and at a higher temp , sodium hydrogen sulphate and ammonia. 
The transformation of the chlonde to fluoride occurs when fluonne is brought 
in contact with the alkali chloride in the cold ; bromine forms about 5*5 per 
cent, of bromide at ordinary temp., and 7 per cent, at about 400°; iodine 
also replaces part of the chlorine from sodium chloride. Sodium and potassium 
chlorides copiously absorb hydrogen chlonde, and, according to M. Berthelot, 08 
the respective hydrochloride is formed The hydrochloride is decomposed by 
water. When sulphur is melted with alkali chloride, the alkali sulphide and sulphur 
chloride are formed. 69 Hydrogen sulphide can also transform the molten chloride 
into sulphide, and the action is faster m the presence of moisture. 70 The vapour 
of anhydrous sulphuric acid is absorbed by sodium chloride forming a syrupy mass 
which becomes crystalline. C Sehultz-Sellack supposes that a product with the 
composition NaC1.4S0 s is formed The so-called sulpbalite, 3Na 2 S04*2NaGl, 
occurs in the borax lake district (California) as a raie crystalline mineral of sp. gr 
3*5, which is sparingly soluble in water. 

An aq. soln. of sodium chloride is partially decomposed by carbon dioxide under 
press., and some sodium carbonate is formed. Copper, zinc, iron, lead, and 
al uminium give basic chlorides with aq. soln. of sodium chloride. The reported 
evolution of hydrogen when magnesium is used is probably due to the presence of 
sodium as an impurity with the metal. Lead oxide in the presence of lime gives 
caustic soda. Metal sulphates commonly give sodium sulphate by double decom- 
position : MS04+2NaCl=Na 2 S04+MCl 2 . 

Several hydrates of lithium chlonde have been reported. The existence of a 
monohydrated sodium chloride, NaCl.H 2 0, is doubtful. E. Bevan 71 claimed to 
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lave made it by cooling a sob of the salt in hydrochloric acid The so-called 
decahydrated sodium chloride , NaCl 10H 2 O, is a eutectic mixture of ice and salt, 
freezing at —21 2°. According to J T. Lowitz, 72 a hydrated sodium chloride, 
NaCl 2HoO, is formed when a sat sob of salt is cooled below — 5° The monoclmic 
crystals aie lsomorphous with the corresponding bromide, NaBr 2H 2 0 Hydrates 
of the other alkali chlorides have not been prepared 

Aq sob of lithium chloride absorb larger amounts of ammonia than water 
alone, owing to the formation of complexes, LiCl(NH 3 ) n — lit hium ammin o-chlondes. 
Similar remarks apply to lithium bromide and iodide If the solubility of ammonia 
m water be unity, R Abegg and H Riesenfeld found the solubility at 25° is : 



LiCl 

LiBr 

Lil 

NaCl 

NaBr 

Nal 

KCl 

KBr 

KI 

0 6N-soln. 

• 0 980 

1 001 

1 030 

0*938 

0 965 

0 996 

0 930 

0*950 

0 970 

l*5A T -soln 

. 1-045 

1 900 

1-190 

0 843 

0 890 

0 986 

0 809 

0 857 

0 900 


The vap press p of ammonia in normal sob of ammonia at 25° when C mol of 
lithi um , sodium, or potassium chlorides are dissolved m a litre of the liquid 


G 

jjjLiCl . 
p,NaCl . 
p,KCl • 


0 0 

0 5 

1 0 

1 5 

13 45 

13 72 

13*36 

12 87 min. 

13-46 

14 32 

16 14 

16 96 mm 

13-45 

14 49 

16 63 

16 63 mm 


The tendency of the lithium salts to form complexes with ammonia is likewise 
shown by the partition of ammonia between chloroform and aq. soln of the hthium 
salt 73 Dry salts of lithium also form complexes with ammonia, and a comparison 
of the observed thermal value of the reaction with that computed from the dis- 
sociation press of Clapeyron’s equation has been made by J. Bonnefoi, and indicated 
in Table XXI According to F Ephraim, lithium tetranxmmo-chlonde has a 
vap, press of 760 mm. at 12°. 


Tabus XXX — Dissociation Pressures or the Lithium Ammino- chlorides 


Formula. 

Temp, of formation. 

Dissociation press mm. mercury 

Thermal value in Cals 

Calculated 

Found 

LiCl NH 3 

Over 86° 

367 at 96° ; 640 at 109 2° 

11 93 

11 87 

LiCl 23STH, 

60° to 85° 

373 at 68 8° , 980 at 89 2° 

11 62 

11 49 

LiCL3NK a 

15° to 60° 

320 at 43° , 790 at 60° 

11 07 

11 10 

LiCl 4NH* 

0 

00 

r-H 

1 

384 at 0° ; 764 at 12 74° 

8 93 

8 93 


The hthium chloride obtained by withdrawing ammonia from the amnnno- 
ehloride is m rather a favourable condition for the reformation of these compounds, 
and it is used fox preparing analogous compounds with the mono-, di-, or tri-, 
methyl-, ethyl-, isobutyl-, or amylamme. According to T. Weyl, 74 potassium and 
sodium chlorides absorb water-free ammonia at high press There appears to be 
no chemical combination, and the mass rapidly loses the absorbed gas on exposure 
to the air Sodium chloride dissolves m liquid ammonia at — 10°, and if the sob. 
be evaporated "below — 24°, small, white, needle-hke crystals are formed with a 
composition corresponding with sodium pentammino-chloride, NaC1.5NH 3 , and a 
vap. puess of 777 mm. at —24°, and 2130 mm. at —7°. A mixture of the sob of 
sodium and sodium chloride in liquid ammonia becomes colourless, and gives off 
hydrogen with the formation of what A Joanms 76 supposed to be NaCl NaNH 2 . 

It has been shown that the f p curves of binary mixtures of the alkali chlorides 
show the pTohable formation of compounds, LiCl RbCl, LiCLCsCl, and LiC1.2CsCL 
The curves of binary mixtures of lithium ohlonde with magnesium, calcium, 
strontium, or barium chloride show no signs of the formation of definite compounds, 
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but mixtures of potassium and calnum chloride show a maximum at 740 3 , corre- 
sponding with the formation of a compound KCI CaCL or KCaCl 3 IL Kriokmeyer 
also couLd not obtain solid soln of lithium chlm ide with potassium or sodium 
chloride by crystallization from aq suln. Lithium cl dr. ride readily forms double 
Balts with copper ferrous, cobalt, nickel and uranium cnlondes 76 Potassium 
chloride forms a double compound, KClICLj, with iodine trichloride; double 
chlondes of cse^ium or rubidium with aistmc, antimony, and bismuth chlorides ; 
and of eflesium chloride with stannous chloride are known; and F. Rudorff 77 
claimed to have made KC12As 2 0 3 and KU As 2 0 3 by the action of potasMum 
chloride and arsemte 

Rubidium and ccesmm chlorides readily form polvhahdes with the halogens. 
H. L. Wells and H L Wheeler showed the existence of four series of chlorohahdes, 
the one series is typified hv caesium chlorodnodide, CsIoLl , and by caesium ehloro- 
dibrormde, CsBr 2 01, which is formed as a dense yellow precipitate when bromine 
is added to a cono soln of cjosium chloride , another senes is typified by cesium 
dichlorobromide, CsBrOL ; or caasium dichloroiodide, CsICl 2 ; a third by caesium 
chlorobromiodide, CsIBiCl ; and a fourth by e cesium tetrachloroiodide, CsICl 4 — 
the lithium and sodium analogies of the latteT are alone hydrated. The iodide 
series is described in connection with the polyiodides, the bromide senes in 
connection with the polybromides 

Molecular weights. — The composition of the alkali chlorides has been established 
by analyses These salts contain alkali, R. and chlorine, 01, in the proportion 1:1. 
Consequently, the mol. formulae are represented by R n Cl n The difficult volatility 
uf sodium chloride — contrasted with sav mercuric chloride— suggests a complex 
molecule W Nemst 78 found the vapour density of both sodium and potassium 
chlorides, at 2000°, corresponded with the respective formula Nad and KCI for the 
vapours of these salts. L Rughermer found that the effect of sodium chloride on 
the b.p of bismuth trichloride corresponded with the simple formula NaCl : and 
E Beckmann obtained a similar result from the effect of sodium, potassium, 
rubidium, and csesium chlorides on the f p. of mercuric chloride. 
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§ 16. Ammonium Chloride 

In 1705, L. Lemery 1 first showed that ammonium chloride exists among the 
products derived from volcanoes, where he found it admixed with sodium chloride, 
and this fact was verified by F Seras in 1737, and by F. de Bonderoy in 1765. Am - 
monium chloride occurs as a sublimate mixed with other volatile matters in cavities 
vol. n. 2o 
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m tie neighbourhood of volcanoes and ]n crevices in volcanic lava — eg at Etna, 
Vesuvius, Stromboli, Hecla, the Sandwich Islands, etc It has been also found m 
the vicinity of ignited coal seams — e g, at St Etienne, Aveyron, Newcastle-on-Tyne, 
Bradley (Staffs), Hurlet (Renfrewshire), West Wemyss (Fife), Armston (Midlothian)' 
Buchana, Kilauea (Hawaii), Waldenhurg, Kattowitz, and at Duttweiler (Prussia) 2 
It has been reported m guano from the Chmcha Islands ; m natural salt ; 3 in the 
mother liquor of some brine springs — e g Halle — and W Diehl found about 0 01 
per cent of ammonium chloride m camallite from Stassfurt It has also been 
found m small quantities m the secretions and exudations of animals — eg the 
urine of the camel 

Ammonium chloride is formed during the mixing of equal volumes of a mm onia 
and hydrogen chloride gases. When the two gases meet a white cloud of ammonium 
chloride appears, but not say H von Helmholtz and F Richarz, 4 if the gases be 
previously dried H. B Baker showed that combination does not occur if the gases 
be thoroughly dried, and that a minute quantity of water is necessary for the reaction, 
If the dned mixed gases be confined in a vessel fitted with platinum plates with 
opposite electrical charges, the two gases are separated — the ammonia collects 
about the negatively charged plate, and the hydrogen chloride at the other electrode * 
The action is not electrolytic since no discharge occurs. 

Ammonium chloride is also formed by the action of hydrochloric acid on a 
soln of ammonia or ammonium carbonate , J G Gentele 5 made it by the double 
decomposition of ammonium bicarbonate and sodium, magnesium, calcium, and 
other chlorides , H J E Hennebutte and E. Mesnaid, and A Dubose and M Heuzey, 
made it by the action of ammonium bicarbonate or sulphate on the double chloride 
of iron and calcium ; and it is made by the action of soln. of ammonium sulphate 
and sodium chloride , when the soln is cone the crystals of sodium sulphate separate 
out and they are removed by suitable shovels , the cone soln of ammo mum chloride 
which remains is purified by crystallization Ammonium chloride can also he obtained 
by sublimation from a dry intimate mixture of the same two salts. A. French 
made it by the joint action of air and steam on a mixture of salt, pyrites, and carbon 
or organic matter ; 2Na{E4AH 2 0+S02+C+N 2 =2NH401+Na2S04+C0 2 

Ammonium chloride has been observed as a product of many reactions — 
eg. the thermal decomposition of ammonium perchlorate, hydroxylamine hydro- 
chloride, or hydrazine dihydrochloride, N 2 H 6 C1 2 , the action of hydrogen chloride 
on anhydrous azoimide : 3N 3 H+HC1=NH4C1+4N 2 , the action of ammonia on 
chloramine : 3NH 2 C1+2NH 8 =3NH4C1+N 2 , etc J Raschen and J Brock 6 
patented a process m which mtrosyl chloride, N0C1, mixed with hydrogen is passed 
over heated platinized asbestos . N0C1+3H 2 =NH4C1+H 2 0. Various proposals 
have been made to recover the ammonium chloride formed in the ammonia-soda 
process when NaCl+(NH4)HC0 3 =NaHC0 3 +NH4Cl 

Ammonium chlonde was formerly obtained m Egypt as a product of the com- 
bustion of camels’ dung, which always contains some sodium chlonde ; the a mm onium 
chlonde was isolated as a sublimate from the soot In India dung was mixed with 
salt and similarly treated Other nitrogenous products can he treated m a similar 
way The aq liquids which collect during the distillation of nitrogenous organic 
substances, which contain chlorides, also contain a mm onium chlonde in soln. 
with other ammoniacal products For example, the ammonia liquor of gasworks, 
coke-oven plants, shale works, and blast furnaces is a soln of ammonia together 
with a great many salts of ammonium — e g ammonium oarbonate, sulphide, sulphate, 
cyanide, etc. — and if the coal contains sodium chloride — salty coal — the gas hquor 
is almost certain to contain some ammonium chlonde. In any case, if the ammo- 
macal liquor be neutralized with hydrochlonc acid, the ammonium salts axe m a 
great measure converted into an impure a mm onium chloride. M Adler 7 converted 
the ammonium salts in the liquor into the chlonde by treatment with calcium 
chlonde ; A. Wulfing used ferrous chlonde. 

It is also practicable to dnve ofi the ammonia from the a mm oniacal liquor 
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by treatment with nulk of lime, and to tlie evolved ammonia into a vessel 
called a saturator containing hydrochloric acid, cooled by water If the acid is 
more cone than corresponds with a sp gr. 1 I, it loses some hydrogen chloride 
when hot The saturator is made of stoneware or some resistant material since hot 
hydrochloric acid attacks lead The liquid m the saturator contains about 25 per 
cent, of ammonium chloride, and it is pumped into a large wooden tank lined with 
lead A coil of lead pipe heated by steam is immersed in the liquid until a film 
of crystals forms on the surface The liquid is then decanted to a leaden vessel, 
where it is allowed to crystallize ; the crystals are removed, .and the liquid r un back 
to the evaporator along with some fresh soln. The soln of ammonium chlonde is 
not allowed to come m contact with iron, for during evaporation some ammonia 
is lost, and the acid liquid attacks iron The ammonium salts cau also he converted 
into the sulphate by treatment with sulphuric acid, 8 and subsequently the sulphate 
converted mto chlonde, as indicated above Ammonium chloride is also made by 
neutralizing with ammonia the spent pickling liquor from galvanized iron works 
which contains a large proportion of ferrous chloride ; or by treating with ammonium 
carbonate, or a mixture of ammonia and carbon dioxide, the soln of calcium chlonde 
obtained as a by-product m the ammoma-soda process On evaporation, crystals 
of ammonium chlonde are obtained after removing the precipitated ferric hydroxide, 
in the fonner case, and the calcium carbonate in the latter case. 

The purification of ammonium chloride. — Crude sal ammoniac is usually 
contaminated with iron or tarry matters, and in consequence, the colour varies 
from yellow to red ; it can be purified by heating it in thin layers on an iron 
plate hot enough to drive off the wateT and free acid, and to carbonize most of the 
tarry products The grey mass is then sublimed The sublimation is conducted 
in cast-iron pots lined internally with firebricks, and covered with a lid made of 
slightly concave plates. The salt to be sublimed is well dried, and heated. The 
pots hold about half a ton, and the sublimation, occupies about five days. The 
sublimate forms a solid fibrous crust about 4: inches thick. The crust is easily 
detached from the lid ; it is then broken up, separated from adhering dirt, and packed 
for the market in barrels or sacks W Hempel 9 proposed converting the crystalline 
salt mto hard stone-hke masses by press between 50° and 100° 

In order to fix the iron and prevent its volatilization as chloride, P. C. Calvert 
recommended mixing the product before sublimation with acid calcium phosphate 
or ammonium phosphate, and AT. Adler recommended superphosphate. Becrystal- 
lization after treatment of the soln with animal charcoal has also been recom- 
mended The iron is also said to be removed by treating the soln with a little 
chlorine (not an excess), then with ammonia, and finally crystallizing the filtered 
soln. In his work on at. wfc., J. S Stas purified ammonium chloride as follows : 

Ten litres of a boiling sat. soln of sal ammoniac is treated, with a litre of mtno acid of 
sp gr 1 4, and kept boiling as long as any chlorine is given off. The salt which separates 
from the liquid on cooling is dissolved in boiling water, and again booled with ^th of its 
volume of mtno acid so long as chlorine is evolved The liquid is diluted with water until 
no ammonium chloride separates on cooling, and warmed with milk of hme. The ammonia 
which is evolved is washed with water, and absorbed m a vessel containing water. The 
aqua ammonia so produced is nearly sat. with hydrogen chlonde The amm onium chlonde 
Which separates from the liquid, after cone and cooling is dried at 100° m a stream of 
ammonia gas, and sublimed at the lowest possible temp, mto a glass balloon filled to the 
neck with dry ammonia gas. The chlonde volatilizes without the least sign of carbon- 
ization If the balloon is made of ordinary glass, the sublimate contains traces of sodium 
chloride, and calcium chloride, etc , derived from the glass. To eliminate these impurities, 
the salt is again sublimed in an atm of ammonia gas, at as low a temp as possible, using 
vessels of verre dur — hard glass — which resists attack by the vapour of ammonium chloride 
at the temp of sublimation Finally, in order to drj?ve off the condensed ammonia, the 
sublimed salt is heated in the vessel in which the sublimate was collected, up to the temp, 
at which it gives off vapour. 

The properties of ammonium chloride* — According to P. (Troth, “ the symmetry 
ot the crystals of ammonium chloride is the same as that of potassium chloride. 
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Amm onium chloride does not belong to the lsomorphous group KC1, Rbd, and 
CsCl, but is lsodunorphous therewith/’ Ammomum chloride crystallizes m cubes, 
octahedrons, and trapezohedrons belonging to the cubic system. Aq. soln give 
minute trapezoidal crystals which collect together, forming feathery masses , but 
well-defined cubes are obtained from soln containing a small quantity of manganous 
chloride (E Raschig), 10 chromic chloride (J. W Retgers), feme chloride (R. Krick- 
meyer), and chromous, cadmium, mokelous, cobaltous, or ferrous chlorides , 
ammomum sulphate or molybdate , or urea (J. W. Retgers) ; octahedral crystals 
with aluminium chloride (J. W. Regters), etc. According to J. W Retgers, some 
of the chloride is also adsorbed by the ammomum chloride M. le Blanc and 
P. Rohland obtained crystalline plates from soln containing a little ammomum 
carbonate. If the vapour be condensed on a hot glass plate it forms small cubic 
crystals, and this is the form in which natural sal ammoniac occurs The ordinary 
sublimed salt has been partially fused, and appears as a translucent mass of 
fibrous crystals, very difficult to pulverize The pulverulent form is best obtained 
by the evaporation of a soln. to dryness with constant stirring According to 
J. 8. Stas, and B. Gossner, a second modification is formed when the vapour is 
rapidly cooled in vacuo X-radiograms of ammonium chloride by G. Bartlett and 
I. Langmuir show that the form stable at 20° has a central cubic lattice with a 
distance 3 859xl0 — 10 cm. between like ions and 3 342x10” 10 cm. between unlike 
ions ; while the form stable at 250° has a simple cubic lattice with 4*620 X 10” 10 cm 
between like ions, and 3 266 XlO ” 10 cm between unlike ions 

The formation of mixed crystals of ammonium and potassium chlorides was 
noted by M. E. Chevreul, 11 A Knop, H Rassow, and R. Knckmeyer. According 
to A Eock, however, there is hut a limited miscibility at 25° with a laouna 
approximately between 18 and 97 mols. per cent, of ammonium chloride ; and he 
found that the solubility of the mixed crystals m wateT at 25° indicates the forma- 
tion of two solid phases, one below 18 and the other above 97 mols. per cent, of 
ammonium chloride ; between these two limi ts the two phases are present in the 
solid state, and the sat soln has a constant composition. This is Bhown by the 
horizontal portion of the curve, Eig. 28 The regions where mixed crystals are 
formed axe represented by the steep portions of the curve By comparing this 
diagram with that for caesium and mercuric chlorides, it will be observed there is 
no sign of the formation of a double salt of the two chlorides at 25° , nor could 
R. EZrickmeyer detect any signs of mixed crystals of sodium and ammonium 
chlorides, although B. Gossner obtained a very limi ted miscibility with mixtures 
of ammonium chloride and iodide. Ammonium chloride behaves to other 
chlorides very like the alkali chlorides ; as a rule, the nearer two chlorides 
axe in general properties, the simpler is the binary system formed between 
them. 

According to R C Wallace, 12 there is a marked change in the heat effect 
of ammonium chloride at 169°, and under the microscope, there is a change m 
the crystals at this temp, although they still remain optically isotropic, and on 
cooling the crystals show an appreciable contraction at this temp. R. C. Wallace 
believes that the more highly polymerized a-form, stable at ordinary temp , is 
not isomorphous with the potassium halides and ammonium iodide, but the less 
polymerized /3-form, stable at the higher temp , is isomorphous with this aeries. 
E E. C Scheffer found the cooling curve with ammonium chlonde to show that the 
transformation lags and appears considerably below the true transition temp., but 
in the presence, of mannitol or glycerol, which act ad catalysts, better results are 
obtained, and he finds that Wallace’s result is too low, for the transition temp, 
is 184*5° ; he obtained a similar result from his measurements of the solubility of 
the salt in water. The solubility curves of the two forms intersect at this temp, 
X. Hachmeister gave 174° for the transition temp. , and P W Bridgman gave 
184*3°, and found that the effect of press, on this constant is as indicated in Eig. 
27 and Table XXII. 6 
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Press 

Transition temp 

Change of vol 0 0 
per gram 

Latent heat kgrm 
cals per grin 

1 

184 3° 

0 0985 

6 98 

100 

190 0° 

0 1087 

7 74 

200 

197 8° 

0 1160 

7 73 

300 

205 0° 

0 1212 

7 88 


The published numbers 18 for the specific gravity of ammonium chloride range 
from 1 45 to 1*55 , the best values range from 1 531 to 1*533 at about 4°, and 
1 5256 (20°/4°) may be taken as the best representative value for the sp gr., and 
35 1 for the mol. vol According to K Kraut, ammonium chloride lost 48 9 per 
cent by volatilization when heated eleven to twelve days on the water-bath It 
volatilizes rapidly without fusion at a red heat According to J S. Stas, a mm onium 
ohlonde forms a colourless transparent glassy crust when sublimed in a stream of 
ammonia, but, when sublimed in vacuo, at as low a temp as possible, it forms a 
less compact translucent mass, which refracts light strongly, and has a different 
sp gr from the glassy variety. W. Blitz has studied the mol. vol. 

A. Bmeau (1838) 14 found that the vapour of ammonium chloride has but hali 




Fig 27 — Effect of Pressure on 
the Transition Temperature 
of Ammonium Chloride 


Fig 28 — Solubility Curve 
of Binary Mixtures of 
Ammonium and Potas- 
sium Chlorides 


the density which is required on the assumption that the vapour consists of molecules 
of ammonium ohlonde, NH^Cl ; it is 29‘04 at 350°, and 28'75 at 1040° — the theo- 
retical value for the molecule is 53 5 In 1846, A, Bineau also showed that the 
vapour density of sulphuric acid, H 2 S0 4 , at 498° is likewise incompatible with 
Avogadro’B hypothesis if the molecules of the gas have the composition H 2 S0 4 . 
He further showed that if the molecules be supposed to be broken down on heating : 
KH4CI =KHg +H01, and H 2 S0 4 =H 2 0 +S0 3 , the theoretical and observed vapour 
densities are nearly conoordant If the vapour of ammonium chloride be completely 
dissociated so that a mixture of equal volumes of ammonia and hydrogen chlonde is 
formed, the vapour density will be 26 75, that is, half the value for NH4CI — i.e. \ of 
(36 5+17) Hence it is probable that the dissociation of the vapour of ammonium 
chlonde is nearly complete, otherwise, the at wt of the elements involved must be 
altered — thus, with NH^Cl, instead of taking 35 5 for the at wt. of chlorine, half this 
value must be employed, and instead of taking 14 for the at wt. of nitrogen | oi 
14, or 2 33, must be used In the early days, these alternatives had to be considered 
before Avogadio's hypothesis could be admitted , accordingly, evidence for and 
against the alternatives was accumulated,' and new examples were discovered oi 
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or of ammonia and hydrogen chloride, could remain in contact without chemical 
union, for these substances unite with vigour at ordinary temp , but, as a matter 
of fact, at about 400°, there is no appreciable evolution of heat, and no other signs 
of chemical action when the two gases are mixed 

The mam evidence for or against the alternatives must of necessity be mainly 
physical, because any attempt to prove dissociation or otherwise which is based 
upon chemical operations is confronted with the objection that the compound 
under investigation is thereby decomposed by the chemioal agents L von Pebal 
(1862), K. von Than (1864:), and others have devised experiments m which 
advantage is taken of the different rates of diffusion of the products of dissociation 
m order to separate them partially and prevent r ©-combination on cooling 

The following is typical of the more recent modifications 18 of L von Pebal’s and 
K von Than’ s experiments to illustrate the dissociation of ammonium chloride under ordinary 
conditions hy taking advantage of the difference m the speeds of diffusion of the two gases, 
ammonia and hydrogen cblonde — atmolysis Place a little ammonium chlonde near the 
middle inside a piece of hard glass tube supported at an angle of about 30°, and a little 
lower down the tube place a piece of blue litmus paper Place a loose plug of asbestos 
a little above the salt, and then a piece of red litmus paper Heat the ammonium chlonde. 
The ammonia, being a lighter gas diffuses more quickly than the hydiogen chlonde Con- 
sequently, when, the ammonium chlonde is heated the blue litmus will be reddened by the 
excess of slow diffusing hydrogen chloride m the lower part of the tube, and the red litmus 
will be blued by the ammonia which passes to the upper part of the tube before the hydro- 
gen chlonde 

H. St. C. Devdle (1863) found that when the two gases are mixed at 350°, the 
temp, rises to 395°, showing that probably some combination occurs J A. Wanklyn 
(1865) estimated from the observed vapour density, 29 04 at 350°, that about 17 
per cent, of the gases unite to form ammonium chloride JCG.de Mangnao 
(1868) noticed that the heat absorbed in the sublimation of a mm onium chlonde 
is muoh greater than that usually observed with other substances, and is almost 
eq to the heat of decomposition of the salt in question, and hence concludes * 
“It is very probable that sal ammoniac — in great part at least — is decomposed 
on volatilization.” 

The vapour pressure of ammonium chlonde 16 has been determined by A Horst- 
mann, W Ramsay and S Young, etc The following results by A. Smith and 
A W. C Menzies approximate nearest to the mean of the other values • 

Temp . . 580° 290° 300° 310° 320° 330° 333 5° 

Vap press . 138 189 252 336 447 687 642 mm 

Similar remarks apply to the dissociation press, calculated from the measurements 
of A Smith and R. P. Calvert : 

Temp .... 260° 280° 310° 330° 337*8° 346° 360° 

Hiss, press . . 49 6 136 0 341 3 010*6 760 0 927 6 1063 0 mm. 

and the formula log 1920-357/^+9 *778609 log T—21 21708 gives results 
in close accord with the observed values of ammonium chlonde Eor tetr a methyl 
ammonium chlonde 17 at 190°, the dissociation press, is 120 mm ; at 220°, 
399 mm , at 233 3°, 760 mm. ; and generally, log p=23649-7/2 T +132 316 log 
T — 401*3121 6 

A. Smith and R H, Lombard have pointed out that most of the methods of 
determining vapour densities — e.g V. Meyer's method, J. B. A Dumas' method — 
are useful in detecting qualitatively the existence of dissociation, but do" not show 
the extent of dissociation when the vapours are sat. smce the vapour densities of 
the unsaturated vapours are alone measured, and the system therefore behaves as 
if under reduoed press., a condition which favours dissociation A Smith and 
R. H. Lombard's measurements of the vapour densities of sat ammonium chlonde, 
enable the extent of the dissociation to be calculated at different temp. Let D Q 
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represent the vapour density of this salt in mols per litre if the vapour were undis- 
sociated, consequently Z) 0 =273P/33 4X760T , also let D denote the observed 
vapour density ; then the degree of dissociation a m the process NH^Clgag^NBg +HC1 
xs a=(DQ—D)/I>' The results are : 


Table XXm. 


Temp. 

Vapour density observed 

Press mm 

Percentage 

dissociation 

Grins. per c c 

Mols per 
litre 

290° 

169 

316 

J 86 3 

671 

300° 

230 

430 

252 6 

64 2 

310° 

307 

673 

341 3 

63 8 

320° 

406 

769 

458 1 

63 3 

330° 

631 

993 

808 2 

63 6 


The degree of dissociation with rise of temp, appears to he anomalous ; hut the 
decrease is due to the fact that the press is not constant hut rapidly increases as 
the temp rises. If the press were constant at 185 3 mm , the degree of dissociation 
would increase from 66 to 82 per cent In the usual calculations of heats of dis- 
sociation, and latent heats of vaporization, it is usually assumed that the dissociation 
of ammonium chloride is complete, whereas actually the dissociation is between 
67 and 63 per cent between 280° and 330°. 

According to H B Baker 18 (1894), if the vapour density of ammonium ohlonde 
he determined in a vessel of hard glass with a thoroughly dried sample of ammonium 
chloride, the number is quite normal, namely, 53 4 This shows that the dry salt 
does not dissociate quickly enough to affect the determination A. Ladenburg 
(1900) refers to a statement by M Faraday that thoroughly dried calcium carbonate 
is not decomposed even at high temp under conditions where in the presence of 
moisture decomposition begins at once The statement has been questioned. 
Obviously, the moisture acts as a catalytic agent winch accelerates not only the 
dissociation, hut also the formation of ammonium chloride from ammonia and 
hydrogen ohlonde This puzzling phenomenon seems to he in direct contradiction 
with the theory of mass action if the dried and undned forms respectively give 
undissociated and dissociated vapour in equilibrium with the solid at the same 
temp, and press R. Abegg (1908) drew attention to the curious feature of this 
reaction in that the partial press of the undissociated ammonium chloride in 
equilibrium with the dried solid is practically the total press. ; while m presence 
of the catalyst, the equihbnum is so displaced that the partial press, of the undis- 
sociated salt is very small ; and he suggested that the heat of formation of gaseous 
undissociated ammonium chlonde, NH^Cl, might be ]ust equal to the heat of 
dissociation of gaseous NH4CI mto NH3+HCI R, Wegscheider (1909) thinks* 
that the solid is m different polymorphic states in the two cases, and that the 
a-form is changed mto the jS-form under the influence of water vapoim, while the 
transformation is suspended m the dried sample ; and that the high vap. piess 
of the ammonium chloride molecules from the undxied a-form, is identical with the 
vap press of NH 3 +HC1 molecules from the dried form stable at 360° It is also 
possible that one form has a greater internal press than the other, and that this is 
brought about by the alteration of the surface conditions of one of the forms under 
the influence of water vapour A similar phenomenon is shown by dried and 
undned calomel, and A Smith (1910) has pomted out that both R. Abegg’s and 
R. Wegscheider’s “ explanations depend upon coincidences which could not occur 
m precisely the same way with different substances unless the coincidences are due 
to some as yet unrecognized general relation, and not to accident 93 

In accord with R Wegscheider ’s suggestion, the anomaly with the a- and /2-forms 
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of ammonium ohloride may be due to ordinary (X-NH4CI being a labile form which, 
changes to a'-NI^Cl at a higher temp m the presence of moisture, and it is the 
transition a'- to J^-NH^C! which occurs at 184 5°, while dry a-NH^Cl does not 
change ; but the assumptions that the transformation at 184 5° only occurs in 
the presence of moisture are untenable, because the work of F. E C Scheffer, and 
of A Smith and co-workers, shows that the transformation occurs at this temp 
with both the dry and undried salts , nor is there any evidence of any other trans- 
formation. R Wegscheider also postulated that possibly a-NH 4 Cl is stable and is 
transformed at 184*5° mto jS-NH^Cl, but that sometimes a labile a'-form is produced 
in the preparation of the salt, and it is this form which evaporates without dissocia- 
tion. There is yet no evidence of the existence of the assumed a'-NH^CL 

According to H. Fizeau, 10 the linear coefficient of thermal expansion of the 
crystals is 0 000062546 at 40°. H. Kopp gives 0 373 for the specific heat of the 
solid between 15° and 45° , and F Neumann, 0 391, between 23° and 100°. The 
sp ht. of soln of this salt determined by J. C G de Mangnao between 20° and 52°, 
for soln. of two mols. of the salt in 50, 100, and 200 mols. of water, are respectively 
0*8850, 0*9382, and 0 9670. G T. Gerlach 20 showed that if 10 and 20 per cent 
soln have unit volume at 0°, their volumes are respectively 1 0058 and 1 0072 at 
25° ; 1 0153 and 1 0163 at 50° ; 1 0279 and 1 029 at 76° ; and 1*04205 and 1*04240 
at 100°. 

The latent heat of vaporization of ammonium chloride has been determined 
experimentally by J. C G de Mangnao 21 at atm press at 33 0 and 43 8 Cals, 
per mol. ; this constant has also been calculated from vap. press, data by 
A Horstmann and F. M. G Johnson using Clausius and Clapeyron’s equation 
l—Td'pldT(y 1 —v< l ) In no case is the evidence that the vapour had assumed the 
equilibrium conditions satisfactory, and A. Smith and R. H Lombard also apply 
Clausius and Clapeyron’s equation to the measurements of A, Smith and R P. Calvert 
of the sat vap press of ammonium chloride. The value of djp/dT was calculated 
from their vap press, equation log p=— a/T+5 log T-\~c , the volume of the solid 
i> 2 is negligibly small, and that of the vapour is equal to the reciprocal of the mol. 
vapour density I /D. Substituting these values m Clausius and Clapeyxon’s equation 
there results : 

Latent heat of vaponzation^ J— + - Gale. 

where a=1920, and 6=9 779 Consequently, the latent heat of vaponzation 
ranges from 32 5 Cals, at 280° to 33 3 Cals at 330°— average 32 9 Cals, per mol. 
The latent heat of vaporization is virtually constant over the Tange 280° to 330°. 
The older values, 43 9 to 37 4 Cals, by A Hortsmann, and 37*8 Cals, by 
F M. G. Johnson, are larger because their vap press did not represent the sat 
vapour, and corresponded with a greater dissociation than would be the case with 
eat. valours. K. Kraut found an appreciable loss by volatilization occurs when 
ammonium chloride is heated on a water-bath. G. Bartha found the boiling point 
m vacuo to he 245°. 

The dissociation, constants K of ammonium chloride at different temp calculated 
from the equation K=a B D/(l — a), where a denotes the degree of dissociation, 
and D the vapour densities per mol give K= 0 00432 (290°), 0 00644 (310°), and 
0*0110 (330°). The interpolated values on the smoothed curve regarded as average 
values are respectively 0 00407, 0*00665, and 0*0106 The heat of dissociation 
calculated from J H. van’t Hoff’s equation d log K/dT—^QjltT^, and S Arrhenius’ 
relation Q= A— CT* cals per mol , gives 4*571 (log J5C, -log K % ) /( T ± — T 2 ) =—A /3iT 2 . 
The constants A and G can be evaluated in the usual way by solving the simul- 
taneous equations with observed values of K and T, or by graphic interpolation. 
A Smith and R H. Lombard thus obtain A" — 12800, and C= 0 00967, and 
accordingly, the heat of dissociation at T° is — 12800— 0’00967T 2 cals, per mol. 
Hence, the heat absorbed during dissociation increases as the temp, increases, and 
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the mol ht of the vapour of amino mum chloride is less than the sum of the mol. 
hts. of the products of dissociation. E. E. C Scheffer gave 519 *7° or 520° for the 
melting point of ammonium chloride. 

According to M Bert helot, 22 the heat ol formation of ammonium chloride 
from its elements C1+4H +IST=76 7 Cals., and, according to J. Thomsen, 75*79 Cals. 
While the heat of formation JSrH3g as +HClg a3 =NH4Cl SO M+4:4: 46 Cals (A. Raabe), 
41*91 Cals (J Thomsen) F. E. C. Scheffer estimated the heat of transformation 
from the a-form to the /3-form to be —1030 cals., but E Wegscheider calculated a 
value four times as large as this one The heat of neutralization, JSTHa+HCl, in 
aq. soln. is 12 27 Cals accordmg to J. Thomsen, and 13*536 Cals according to 
P. A Favre and J T Silbermann ; accordmg to F. Eudorff, the soln. of 30 parts 
of salt in 100 parts of water lowers the temp, from 13 3° to —5 1°. The heat of 
solution is —3 88 Cals According to J. H. Long, the soln of a mol. of the salt in 
150 mols of solvents is attended by the absorption of —4 0 Cals at 10° ; and with 
200 mols of the salt, — 3*9 Cals If a soln of 2 mols. of ammonium chloride in 
20 mols of water be diluted with n mols of water, the thermal value of the reaction 
is n=5 0, -0 174 Cal , n= 100, —0 242 Cal. ; n=200, -0 258 Cal ; n=400, 
—0 258 Cal. F. R Pratt has studied the heats of dilution of soln of ammonium 
chloride ; and E F. von Stackelberg gives for the heat of soln Q of n mols. of 
ammonium chloride m 100 mols of water, Q=3930 — 33n— 0 Qn 2 cals. 

The solubility of ammonium chloride m water, 23 m grams of salt per 100 grans 
of soln. : 

- 15 ° 0 ° 20 ° 40 ° 60 ° 80 ° 100 ° 116 ° 

Gnus NH 4 C1 . 19 7 22 7 27 1 31 4 36 6 36 0 43 6 46 0 

The cryohydrio mixture 24 contains between 22*9 (L 0 de Coppet) and 24*2 
(P A. Meerburg) grms. of salt per 100 grins of water, and the cryohydrio 
or eutectic temp, is between —15*8° and —16°. F. E C ScheffeT found the 
solubility of the modification of ammonium sulphate, stable below 184*5° to 
be —log /S=464 5/T — 0*5400; and of the form stable at higher temp. 
— log S=327*8/T— 0*2412, where S denotes the number of mols of the salt in a 
mol of the sat soln. E. F. von Stackelberg 25 found the solubility between 18*5° 
and 19° to be depressed 272 mgrms and 258 mgrms per gram of soln. on raising the 
press from 0 to 500 atm , i.e . about 2*8 mgrms per 100 atm. 

The solubility of ammonium chloride 26 is depressed by the addition of chloride 
ions either as hydrochloric acid or as sodium chloride, or as ammonium carbonate. 
For hydrochloric acid, R. Engel found at 0°, with water alone 24 61 gxms of ammo- 
mum chloride per 100 grms. of soln ; with 1*05 grms HOI, 23 16 grms NH 4 C1 , 
with 7*74 grms HC1, 14 54 grms. NH4CI ; and with 22 07 grms. HC1, 4 67 grms of 
NH4CI per 100 grms. of soln. With ammonia, the lowering of the solubility is 
small smce only a relatively small proportion of the ammonia in soln forms 
NBCfions, and ammino- compounds are likewise formed in the soln. R. Engel 27 
found that for 100 grms of soln : 

NH 4 OH . . 0*92 2 06 9 30 13 60 16 36 16*29 22 18 28 97 

NH 4 C1 . .24 52 24*36 23 36 23 09 23 60 23*76 26 63 32*14 

* 

The increase in the solubility corresponds with the formation of ammmo-compounds. 
Some of these were prepared by L Txoost by the action of d:ry ammonia on dry 
ammonium chloride at a low temp. Thus, ammonium fadammino-chloride, 
NH4CI 3NH 3 , forms double refracting crystals which melt at 7° J. Kendall and 
J G. Davidson studied the f p. curves of mixtures of ammonia and ammonium 
chloride, and isolated the triammino-salt, m.p 10 7° , no evidence of an hexammino- 
salt was observed The dissociation press of NHiCLSM^^NH^Cl+SKHs at —36° 
is 140 mm. ; and — 20°, 310 mm , at 6°, 730 mm , at 0°, 1035 mm. ; at 6°, 
1480 mm ; and at 8*0°, 1800 mm. Ammonium hexammino-chloride, KB4CI 6NH S , 
melts at —18°, and it is easily undercooled The dissociation press , NH4CL6NH3 
=NH4C1.3NH 3 +3NH s ,at— 36° is 580 mm.; at —31 1°, 750 mm.; at —27°, 895 mm.; 
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and at — 21°, 1130 mm Ammonium chloride dissolves in liquid ammonia 28 at 
about —35° somewhat copiously, and the conductivity of dil soln is greater 
than aq. soln , and that of cone soln. less. This is explained by ass umin g the ionic 
mobilities are greater in liquid ammonia, while the ionizing power of water is 
.greater than liquid ammonia At a dilution v=100, the degree of dissociation m 
liquid ammonia is 0 39 (—33°) , and m water, 0 85 (18°). H Moissan found the 
electrolysis of soln of ammonium chloride m liquid aromoma at —60° gave chlorine 
at the positive pole which at this temp does not act on the ammonia ; hydrogen is 
given ofi at the negative pole, 

F. Rudorff 2 9 found that if both salts are present in the solid phase, 100 grins 
of water dissolve 29 2 of NH 4 C1, and 174*0 of NH^NOg (19 5°) , 26 8NE4CI and 
46 5(NH4 ) s S 0 4 (21*5°); 33 81^01 and 11 6BaCl 2 (20°); 28*93^01 and 

16 9KC1 (15°) ; 30 41^01 and 19*1KC1 (22°) , 36^11*01 and 14 1K 2 S0 4 (14°) , 
18*7NIltCl and 23 9NaCl (18 7) ; G Karsten found 39‘2NH 4 C1 and 17 OBa(N0 8 ) 2 
(18*5°) ; 38*8NH 4 C1 and 34 2KNO s (14 8°) ; 39 SNB^Cl and 38*6KNO s (18 5°) . 
37 9NHiCl and 13 3K 2 S0 4 (18 7°) ; and G. J. Mulder, 67 71^01 and 21 9KC1 
at the b p. 

In 1854, G Michel and F Krafit showed that while the dissolution of most salts 
is attended by a contraction, with ammonium chlonde, on the contrary, there is an 
expansion According to W Ostwald and M. Rogow, if a mol of ammonium 
chlonde of mol. wt M t be dissolved in (2000-M) grams of water, at 20°, the volume 
increases 36 8 c c ; J Thomsen found an expansion of 38 c.c by dissolving a mol. 
of this salt m 30-40 mols of water ; and H SohifE and U Monsacohi found for the 
specific gravities and the expansion per 100 grins, of soln of ammonium 
chlonde : 

Per cent NB: 4 C1 . . 5 10 15 20 25 30 

Sp gr at 19° . .1 0145 1*0293 1 0498 1 0679 1 0714 1 0840 

Expansion per 100 c.o. , 0 1445 1*444 0 817 1 220 1 794 2 381 

According to F. L. Haigh, the sp gr of a tf-soln at 20°/4° is 1*01454. W.ff J Nicol 
could find no contraction during the soln of ammonium chlonde in water. According 
to H SchifE and TJ. Monsacchi, 30 the sp gr. D of a soln. containing jp per cent, of 
ammonium chlonde is D=l+0*00294p+0 0000008p 2 +0 00000016p 3 , at 19°. 
N. A Tschernay gives for the volume v of soln. of ammo mum chloride at 8 6 
NHiCl+SOHgO, t>==l+OO 4 7460+OO 6 399702, !N^C1+25H 2 0, v=l+OO 3 14O70 
+O*O 6 36490 2 The molecular volumes of the dissolved chloride calculated by 
J. Txaube from G T Gerlach’s sp gr determinations are respectively 36 9, 38 5, 
and 39 0 with 5, 20, and 25 per cent soln F L Haigh found a normal soln pf 
ammonium chloride expanded or contracted —31 0 c c. per 10 litres from 20° to 0° ; 
-19 7 from 20° to 10° ; 28 0 from 20° to 30° , 62 8 from 20° to 40° ; and 105‘3 
from 20° to 50°. 

M. Schumann found that the compressibility of soln of ammonium chloride, as 
represented by the decrease in millionths of the volume per atm , is, between one 
and two atm , 48*7 and 40 0 respectively with 5 and 20 per cent soln at 0°, and 
44*6 and 38 3 respectively with 5 and 20 per cent soln. at 15°. Unlike other salt 
soln , the compressibility decreases with rise of temp M Schumann 81 found the 
compressibility at 0° to be greater than that of pure water, but W. C. Rontgen 
and J. Schneider could not confirm this. F, Braun found the compressibility of 
a sat. soln at 1° to be 0 000038 W C Rontgen and J. Schneider give compressi- 
bilities of 0 961 and 0 933 with soln of a mol of the salt respectively m 700 and 1500 
mols. of water — vide ammonium iodide 

The viscosities of 2V-, PS pS and $N - soln at 25° are, according to A Kamtz 82 
respectively 0-9884, 0 9976, 0-9990, and 0 9999 ; and F H. Getman found that 
the viscosities of soln of ammomtun chlonde at 25° decrease from 0 00889 dynes 
per cm -with 0-44372V-soln. to a minimum 0 00878 -with 2 2185-ZV-soLn aud nse 
to 0 00925 for 4 4371V-soln. The sp. gr. of these soln were respectively 1-0071, 
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1 0331, and 1 0630 The viscosity of a 1 622V-soln falls from 0 0123 at 10° to 0 0081 
at 30°, and to 0 0058 at 50° At temp, exceeding 30°, J. W Retgers found that 
the viscosity of ammonium chloride soln is greater than that of water at the same 
temp With cono soln , says R Cohen, the increase m the viscosity of soln of 
ammonium chloride is almost proportional to the percentage variation of press 
According to C. Forch, 33 the surface tensions, cr, of soln of am mo mum chloride 
with 4 864, 2 432, and 0 584 mols of the salt per litre are respectively 0 746, 0*367, 

0 088 mgrm per mm and cr/M, 0*153, 0 151, and 0*150 The coefficients of diffusion 
of soln with 8, 48, and 130 grms of the salt per htre at 20° are 34 respectively 

1 32, 1 37, and 1 33 grms per cm per day 

The vapour pressures of aq soln of ammonium chloride have been measured 
at different temp and cone by G Tammann 36 For one per cent soln , F M Raoult 
obtained a lowering of 0 0565 X 7 6 , and J Walker found a mol of the salt in 100 
mols of water lowered the vap, press 1 99 M Allaurd 36 found the boding point of 
a sat. soln of ammonium chloride to he 115 8° at 71 8 mm , and G T Gerlach found 
that a soln of 6*5 grms. of salt per 100 grms of water boiled at 101° ; with 50 6 
grms of salt, 109° , and with 87 1 grms of salt at 114*8°. The freezing point of 
sat soln is — 15*8° ; 87 the mol lowering of the f p of the soln with 0 0535 grm of 
salt per 100 grms of water is 3*4°, and with 5 633 grms of Balt, 3*34°. L C de 
Coppet found the mol lowering of the temp, of the maximum density of water to 
be 7*07-7 26, and this increases with the cono The f p determinations show that 
ammonium chloride is very much ionized in aq soln J H van’t Hoff’s 38 factor % 
is for 0 14A-soln at 14°, 1 82 by H. de Tries 5 plasmolytic method, and according 
to E. H Loomis 5 cryoscopic measurements, 1 85 The mol lowermg of the f.p. 
reaches a minimum with increasing cone , and this increases H. 0. Jones and 
F H Getman attribute this result to the formation of hydrates Similar remarks 
apply to S M Johnston’s measurements of the raising of the b p of soln of ammo- 
mum chloride The results with ammonium chloride differ m degree but agree m 
kind with those with the alkali chlorides C. Bruck investigated the hydrolysis of 
boiling soln of ammonium chloride 

The refractive index of the crystals of ammonium chloride for the R-hne is 89 
1 6331 ,* C-line, 1 6365 , D-line, 1 6428 , E- line, 1 6453 , F-hne, 1 6532 ; and 
the 6?-line, 1 6612 M le Blanc and P Rohland obtained for the D-line by 
J H Gladstone and T. P Dale’s formula a Tefraction eq of 22 97 (20°) , and by 
H, A Lorentz and L Lorenz’s formula, 12 92 (20°) , and foT 6 25 per cent soln , 22 53 
by the first-named formula, 13*32 by the latter For the dispersion constant of 
N - soln at 18°, (vp—vJ/v B =0*035, where v denotes the difference in the refractive 
indices of water and soln for the H$-, and D-lines. F L Haigh found the 
index of refraction of an A-soln of ammonium chloride to be 1 34311. TJie mol. 
dispersion of a cone soln for the H- and ^4-bnes is 1 52 W H Perkin gives 
6 096 for the molecular magnetic rotation of a 27 08 per cent soln S Procopm 
studied the birefringence and dichromatism of the smoke of ammonium chloride m 
an electric held O Remkober studied the reflexion spectrum of ammonium 
chloride for ultra-red rays. 

Although ammonia and hydrogen chloride show no conductivity by themselves 
at ordinary temp , dissociating ammonium chlonde was found by A. de Hemptnme 
to be a fairly good conductor This is also the case with ammonium bromide 
The electrical conductivity A of soln containing a mol of ammonium chloride per 
v litres at 25°, rises from A=127 4, when v=32, to A=138 0, when u=1024 Accord- 
ing to F Kohlrausch 40 and O Grotrian, the specific conductivity k at 0° is 
k — 0 0610(1+0 02690+0 0000670 s ) for 5 per cent, soln , and fox 20 per cent soln , 
/c =0*2403 (1+0 02200+0 0000130 s ) The transport number 41 of the cation, HE 4 , 
is 0 487-0 490 at 0°, when t>=29 4 to 120 , and at 30°, 0 494r-0*496, when 
a =29 5 to 120 The ionization does not follow W. OstwalcL’s dilution law, but 
it does fit Rudolphi’s modification The computation of J H van’t Hofi’s factox 
from the conductivity measurements agree well with the results obtained by the 
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f p method. The electrical decomposition potential 42 of an IV-soln with platinum 
electrodes at 20° is I 70 volts, about 0 3 volt smaller than that of potassium or 
sodium chloride under similar conditions. H Kolbe found that the electrolysis of 
cone, soln with platinum electrodes gave neither oxygen at the anode nor hydrogen 
at the cathode, hut drops of nitrogen chloride were formed on the cathode. 
S. Lussana has studied the effect of press on the electrical properties of ammonium 
chloride. 

CAL de Bruy n 43 found 100 grms of absolute methyl alcohol dissolved 3 35 grms. 
of ammonium chloride, and 98 per cent methyl alcohol, 3*52 grms. G Carrara 
has measured the electrical conductivity of soln. in methyl alcohol Similarly, 
C. A. L. de Bruyn 100 grms of absolute ethyl alcohol, dissolve 0 62 grm of 
ammonium chloride, and H. A Bathnck found 8*3 per cent ethyl alcohol dissolves 
35“3 grms. of ammonium chloride , 64 3 per cent alcohol, 14 0 grms ; 87*9 per cent 
alcohol, 2 9 grms A. Gerardm found 11 2 grms. of ammonium chloride dissolved 
in 100 grms. of 46 per cent, alcohol at 4° , 19 4 grms. at 27° , and 30 1 grms. at 56° 
W. Herz and M Enoch found that a 10 per cent. soln. of acetone dissolved 28*59 per 
cent, ammonium chloride , 40 per cent acetone, 17 69 per cent , and 90 per cent, 
acetone, 0 5 grm of ammonium chloride, Soln with between 46 5 and 85 7 per cent 
acetone separate into two layers They also found 100 per cent glycerol dissolved 

12 23 per cent of ammonium chloride , 45 36 per cent, glycerol, 23 26 per cent , and 

13 28 per cent glycerol, 29 16 per cent Ammonium chloride is soluble m Liquid 
formic cmd, and the m.p and electrical conductivity of these soln show that this 
salt is ionized between 49 and 54 per cent when the cone is between 2 888 and 
0‘362 mol per litre. L Kahlenberg and H. Schlundt have measured the con- 
ductivity of soln. of ammonium chloride in liquid hydrogen cyanide E. L. Shinn 
has measured the conductivity of soln in ethylarmne ; and, according to Z Klemen- 
siewicz, the dil soln in liquid antimony trichloride conduct electricity better than 
aq. soln. L Kahlenberg and E. C Krauakoff find ammonium chloride to be insoluble 
m pyridine, but it is Blightly soluble if water be present. M. Stuckgold found a litre 
of ethylurethane at 60° dissolves 0 026 mol. of ammonium chloride ; and 0 621 of 
ammonium iodide 

Ammonium chloride loses ammonia when exposed to the atm., and then reddens 
blue litmus, but, according to J B. Emmett, if it be heated to the pomt of sublima- 
tion and then dissolved in water the soln, reacts neutral. A soln m warm water 
loses ammonia and reacts acid, and R. Eittig 44 showed that on distillation, an 
excess of amm onia collects in the early fractions The hydrolysis of ammonium 
chloride in aq soln : NH^Cl+HgO^NHaOH+HCl is followed by NIIiOH^NHs 
+F a O According to E. G Hill, the hydrolysis constant AxlO 5 in ChciGnh a oh 
=KCnh a oi ranges from 0 0065 for IV-soln to 0 00684 for ^IV-soln. A. Naumann 
and A. Rucker measured the ratio of the ammonia in the distillate to that in the 
distilled soln., and estimated the degrees of hydrolysis in 41V- and 21V-soln at the 
b.p. to be respectively 1 98 and 3*0 per cent D. Vitali obtained no free iodine 
when potassium iodide and lodate are heated alone, but m the presence of ammonium 
chloride, the free acid liberates iodine and ammonia. Similarly, with bromides 
and bromates, and with chlorides and chlorates. S E, Moody found that under 
these conditions the hydrolysis progressed to completion, and that the chloride 
hydrolyzes more easily than the sulphate. 

A. R. Leeds reported that a soln of ammonium chloride forms white flecks on 
standing a couple of years, but it is not clear whether this was not caused by the 
action of the soln. on the glass. Soln. of ammonium chloride, says G. Gore, are 
decomposed in contact with finely divided silica A Bmeau (1838), J. S. Stas 
(1865), and H B. Baker (1894) have reported that vessels made of soft, but not 
hard, glass are etched by the vapour of ammonium chloride, and E. W. Clarke has 
found that ammonium chloride exerts a marked action on silicates at about 360° ; 
this also is exemplified by J. L Smith* s process for the determination of 
alkalies in silicates. The oorrosive action of ammoniacal vapours on the exposed 
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surface of glass windows m the vicinity of stables and manure heaps has been 
noticed 

Ammonium chloride is decomposed by hydrogen iodide. Chromic, ferric, 
cupric, and antimonic chlorides 45 readily dissociate when heated, are reduced to 
the -ous chloride and nitrogen is formed : 3SbCl 6 +2NIl4Cl=3SbCl3+8HCl+N 2 , 
and 6EeCls+2NH 4 Cl=6FeCl2+8B[Cl+l ; r2 Double salts are formed with mercuric 
chloride. Stannic chloride is not reduced after many days’ heating at 400° , and 
titanic chloride, TiC 1 4 , under similar conditions forms a double salt H N Stokes 
found that ammonium chloride forms complex chloromtndes of phosphorus when 
heated in a sealed tube with phosphorus pentachlonde. Chlorine and the hypo- 
chlorites form nitrogen and nitrogen chloride (q v ) Potassium chloride, accord- 
ing to L Soubeiran, 40 decomposes ammonium ohlonde at a temp below the b.p of 
sulphuric acid, forming a gas which smells like chlorine ; the amount of chlorine 
evolved is proportional to the chlorine in the ammonium chloride, the nitrogen is 
not oxidized K Hachmeister found for the f p and b p of binary mixtures of 
ammonium and lithium, chlorides with w per cent, of the former . 
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The f p curve has a eutectio about 260°. The b p. and the ip curves cut one 
another 

According to H Rose, 47 dry powdered ammonium chloride at 0° absorbs the 
vapour of sulphur trioxide without decomposition, forming a hard mass which, 
when heated, first develops hydrogen chloride, and forms ammonium sulphate — 
it has been suggested that the product may be ammonium ohloropyro-sulphate, 
NTT 4 0 S 2 0 5 C1 With carbou monoxide at a red heat, C Stammer observed no 
changes, hut with calcium carbide, R. Salvadori obtained calcium chloride, nitrogen, 
ammonia, carbon, and a series of hydrocarbons — methane, ethylene, and acetylene. 

According to E G Mathews, 48 ammonium chloride forms some mtric oxide, 
chlorine, and mtrosyl ohlonde, NOC1, when treated with nitric acid. Nitrites are 
decomposed when boiled with ammonium chlonde : KN0 2 +NH 4 C1=N 2 +KC1 
+2H a O , and when fused with potassium nitrate, combustion attended by a purple 
flame takes place In soln there is double decomposition . NH 4 Cl+NaN0 3 =NaCl 
+NH^N0 8 According to M Berthelot, the thermal value of the reaction between 
a mol. of normal sodium phosphate, and half a mol of ammonium 

chlonde is 2620 cals ; and with 1, 2, and 3 mols of ammonium chlonde, 4840, 
5630, and 5960 cals respectively. 

H Davy 49 found that when heated with the alkali metals, ammonium chlonde 
vapour is decomposed, forming the alkali chlonde and a mixture of two volumes 
of ammonia and one of hydrogen Other metals — e g . iron, tin, eto. — act 
somewhat similarly Many oxides and salts are transformed into chlondes when 
calcined with ammonium chlonde , the oxides of nickel and cobalt are reduced 
to metals Tin and antimony sulphides are also attacked by dry am mo mum 
chlonde vapours by the ammonia According to C. R. A. Wright, cupric oxide is 
partially reduced and partially converted into the metal : 4 CuO-|-2NH 4 C1~CuC]2 
+3Cu+ 4H 2 0+N 2 . According to L Santi, anaq soln of ammonium chloride more 
or less readily attacks magnesium, zinc, cadmium, chromium, manganese, and tin, 
and, says G Lungi, it acts more vigorously on cast iron or lead than soln. of sodium 
chlonde ; with iron a soluble double salt, FeCl 2 .2NH 4 Cl, is formed when the mixture 
is warmed, and hydrogen and ammonia are formed The reactions with soln of 
a mm onium chloride are to a great extent interpreted on the assumption that they 
are produced by the hydrochloric acid developed by the hydrolysis * NH^l+H^O 
=NBC 4 OH+HCl For example, the calcium, nickel, manganese, or iron monoxide 
forms the corresponding chlonde and ammonia. According to M. Berthelot and 
G Andx6, 60 half an hour’s boiling of ammonium chlonde with soln. of sodium 
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hydroxide or calcium oxide liberates all the ammonia , with magnesia, only 22*3 
to 21 o of the contained ammonia was lost after an hour’s boiling According to 
F. Isambert, the thermal value of the reaction is 2NH4Cl+CaO==CaCl 2 +2NH 8 
+H 2 0-10 9 Cals, or 2NH4Cl+Ca(0H) 2 =CaCl 2 +2NH 3 +2H 2 0^7 55 Cals. 
At ordinary temp., ammonia is not given off from the mixed soln , but rather is 
calcium diammmo-chloride, CaCl 2 2NH 3 , formed with the evolution of about 
14 Cals. At 1 SCT-SOO 0 , this product gives off ammonia. SnrnlaT results are obtained 
with baryta and strontia, but not with lead oxide. In consequence, ammonia is 
completely driven from these soln only after vigorous boiling, and this more readily 
with dil than with cone soln When a mixed soln of sodium hydroxide and 
ammonium chloride is allowed to stand in the cold for three days, it loses but 25 per 
cent of its contained ammonia Similarly, says H Cantom and G Goguelia, the 
carbonates form chlorides with the evolution of ammonia and carbon dioxide , 
and many of the sulphides are attacked, forming chloride and ammomum sulphide . 
2NH 4 Cl+Mn»3^(NH4)2S+MnCl2 In further illustrations of the chemical reactions 
of aq soln of ammonium chloride, manganates are converted into permanganates, 
chromates to dichromates and to chromic anhydride ; barium peroxide in the cold 
gives hydrogen peroxide, and when heated, oxygen and ammonia 2Ba0 2 +4NH 4 Cl 
=2BaCl 2 +4NHg+2H 2 0+0 2 , sodium thiosulphate decomposes Na 2 S 2 O s +2NBt 4: Cl 
= 2 NaCl+H 2 0 + 2 NH 3 +S 0 2 +S, and the sulphur and ammonia react m warm 
soln , forming ammonium sulphide , and with persulphates, chlorine, nitrogen, and 
hypochlorous acid are formed The hydroxides of magnesium, zinc, cadmium, 
and manganese axe more soluble in aq soln of ammomum chloride than m water, 
owing to the formation of double salts 61 

Uses. — Ammonium chloride is used m pharmacy , in certain galvanic batteries ; 
and in the preparation of ammonia and ammonium salts. It is used m the manu- 
facture of colours , in cotton printing , in tm plating , in galvanizing ; and m 
soldering. 


Refbrbnoss. 

1 L. Lemery, Hist Acad . Sciences , Pans, 66, 1705, F. de BondeToy, ib , 271, 1765; 93, 
1766 ; F. de Saint-Fond, Mmfralogie des volcans , Pans 427, 1784 , F Seras, lstorxa dett’- 
incevdto del Vesuvto accaduto nd mese dt M aggto delPanno 1737, Napoli, 1738, R Bunsen, 
Liebig’s Aim , 62 8, 1847 , 65 73, 1848 , G Bischof, Lehrbuch der chemischen und physthaltschen 
Geologic, Bonn, 1 630, 1863 ; A Scacchi, Neues Jahrb Mm , h, 139, 1888 , F Zambomm, 
Mmtralogia Veaumana, Napoli, 37, 1910 , J Stoldassa, Chem Ztg , 30 740, 1906 ; A Kenngott, 
Neues Jahrb Mm , 405, 1871 

* W. Bertelsmann, j Der Sticlstqff der Stemkohle, Stuttgart, 373, 1904 

3 O J Heme, Karsten’s Archiv , 19 26, 1830 , A Vogel, Zeit angetu Chem , 4 626, 1891 ; 
W. Diehl, Chem Ztg , 13 04, 1889 , T Neimke, ib , 15 715, 1891 

4 H von Helmholtz and F. Rioharz, Wied Ann , 40. 161, 1890, R, E Hughes, Phil Mag , 
(5), 35 631, 1893; H B Baker, Joum Chem Soc , 65 611, 1894, 73 422, 1898 

fi J G Gentele, Chem Centrb , 688, 1879 , E J E Hennebutte and E. Meanard, Ber , 12. 
2389,1879, A Dubose and M Heuzey, Bull . Soc Ind Rouen, 17 439, 1889; Jourii Soc Chem. 
Ind , 9 614, 1890 ; K. Schimdtborn, Chem Ztg , 10 1499, 1886 , T (hyer, Bnt Pat No 14199, 

1898 , M- Adler, Zeit angetv Chem , 12 201, 226, 1899 , H Schiff, Liebig ’ b Ann , 114 68, 1860; 
J. F. A. Gotthng, Chemtsche Versuche tiber etne verbeseeite Methode den Salmiah zu beieiten, 
Weimar, 1782. 

4 J Rasohenand J Brock, Bnt Pal No 7287, 7288, 1896 

7 M. Adler, Zeit angetv Chem , 12 201, 226, 1899 , A. Wulfing, German Pat , D B P 121744, 

1899 

* F Marguentte, Bull Soc Chim , (2), 2 471, 1864 

* W. Hempel, Bet , 21 897, 1888 ; F 0 Calvort, Dingier* s Joum , 164. 121, 1861 , M. Adler, 
Zeit angew Chem , 12 201, 226, 1899 ; G Lunge, Die Industrie des Steirikohleniheers und 
AmmoniaJcs, 2. 242, 1900 ; J S Stas, Mtm. Acad Belgique , 35 3, 1865 ; CEuvres completes, 
Bruxelles, 1 468, 1894. 

10 F. Raschig, Zeit angew Chem , 19. 1754, 1906; R Krickmeyer, Zeit phys Ohem ,2 71, 
1896 , J. W Retgers, ib., 4 200, 1889 ; 9 207, 1892 ; M le Blano and P Rohland. ib , 19. 276, 
1896 ; A Naumann, Joum prakt Chem , (1), 50. 11, 1850 ; O Lehmann, Zeit Kiyat , 12 377, 
1887; Wied. Ann , 25 173. 1886, A. Longi, Qazz. Chxm. Ital , 11 514, 1881; H Aiotonsky, 
Zeit anorg Chem , 6 . 377, 1894 ; J. S. Staa, M&m . Acad Belgique, 35 1, 1865 , B Gosanei, 



THE ALKALI METALS 575 

Zeit Knjst , 88. 128, 1903, P Grotb, Ckemische KrystdUographie, Leipzig, 1. 167, 1906; 
G Bartlett and I Langmuir, Journ Amer Chew, Soc , 43 84, 1921 

ii M E Chevreul, Compt Bend , 85 493,1877 ; A. Knop, Molekularkonstitiitionund Wachstum 
der Kiystatte, Leipzig, 1867 , R Kxickmeyor, Ze.it phys Chem , 21 63, 1896 , A Pock, Zeit 
Kryst , 28 337, 1897 ; B Gossner, ib , 40 69, 1904, H Rassow, Zeil anorg. Chem , 114 117, 
1920. 

« R. C. Wallace, Centr Mm , 33, 1910 , F. E 0 Scheffer, Proc AJcad ATnsterdum , 18 446, 
1498, 1916 , P W. Bridgman, Proc. Amer Acad , 52 89, 1916 , K. Haohmeister, Zeit anorg . 
Chem , 109 146, 1919 

is R Bottger, TdbeUarische UebersicM der specifiscken Oewichte der K6)per , Frankfurt, 1837 ; 
R W Clarke, A Table of Specific Ghavity of Solids and Liquids , London, 1888 , H G F Schroder. 
Bichhgkeitsmessungen, Heidelberg, 1873 , H Kopp, Liebig's Ann , 36 1, 1840 , H SohifE, tb , 
108 21, 1868, W 0 Smith, Amer Joum Phaim , 63 146, 1860, F Stolba, Journ prakt. 
Chem, (1), 97 603, 1866, J H Hassenfratz, Ann Chim . Phys , (1), 28 3, 1798, S Holker, 
Phil Mag, (3), 27 214, 1846, L. Playfair and J P. Joule, Mem Chem. Soc , 2 401, 1846, 
Joum Chem . Soc , 1 137, 1849, R Knckmeyer, Zeit phys Chem , 21 53, 1890; H Sohifl 
and U Monsacchi, tb 21 277, 1896 , M le Blanc and P Rohland, *6,19 261, 1896 , J Dewar, 
Chem News, 85 277, 1902 , B Gossner, Zeit Kryst , 38 128, 1903 , K. Kraut, Zeit anorg 
Chem , 6. 278, 1893 , J S Stas, Mim Acad Belgique, 35 3, 1866 , F L Haigh, Joum Ame? 
Chem Soc , 84 1137, 1912 f W Blitz, Zeit anorg . Chem , 115 241, 1921 ; K. Kraut, ib , 5 278, 
1894. 

ii A Bmeau, Ann Chim Phys , (2), 68 416, 1838, H St. 0 Deville, Compt Bend, 56. 

729, 1863 , H St. C Deville and L Troost, ib , 49 239, 1869 , 56 891, 1863 , J. A Wanldyn 

and J Robinson, ib , 56 1237, 1863 , J C G de Marignao, ib , 67 877, 1808 ; Btbl ZJmv Archiv , 
22 6, 1865 , H* Kopp, Liebig's Ann , 105 390, 1868 , 127 113, 1803 , L von Pebal, ib , 123. 
199, 1862; K. von Than, ib , 131 129, 1864; A, Iaaben, Bud Soc . Chim , (2), 8. 90, 1864; 
J A Wanklyn, Phil Mag , (4), 29 112, 1864. 

16 A B. Poggiale, Joum Pharm Chim, (4), 1. 369, 1865; 0 Bottmger, Ber , 11 2004, 

1878 ; T and R Blookmann, ib , 24 2766, 1891 , D. Tommasi, tb , 14 363, 1881 , O Neuberg, 

tb , 24 2543, 1891 , F Pullmger and J A Gardner, Chem . News , 63. 80, 1891 , A A. Brenemann, 
ib , 61 153, 1890 , W Ramsay and S Young, Zeit phys . Chem , 1 244, 1887 

16 A Horstmann, Ber , 2 137, 1809, W Ramsay and S Young, Phil, Trans., 177 71, 1886; 
F M G Johnson, Zext phys Chem , 61 468, 1908 ; 65 36, 1908 , A Smith and A W C Menzjes, 
Joum Amer . Chem. Soc , 32 1448, 1910 , A Smith and R P. Calvert, ib , 36 1363, 1914 ; 
A Smith and R. H. Lombard, ib , 87 38, 1915 ; R. Wegscheider, Zed. anorg Chem., 103. 207, 
1918 

17 A Lawson and N Collie, Joum Chem Soc , 53 624, 1888 ; L. Wagner, Zeit Kryst , 43. 
179, 1907 ; A Smith and R P Calvert, Jomn Amer Chem Soc , 36 1363, 1014 

18 H B Baker, Journ, Chem Soc , 65 611, 1894; 73. 422, 1898, S. Gutmann, Liebig's 
Ann , 299 267, 1897 , R F Hughes, Phil Mag , (6), 35 631, 1893 , R Abegg, Zeit phys Chem , 
61 465, 1908 , 63 623, 1908 , J. J. van Laer, ib , 62 194, 678, 1908 , R Wegsoheider, t b , 65. 
97, 1908 , 75 369, 1911 , Zeit anorg Chem,, 103, 207, 1918 ; F E 0. Scheffer, Proc . Akad. 
Amsterdam , 18 446, 1498, 1918 ; A Smith, H Easblack, and G Saatchaid, Joum. Amer Chem 
Soc , 41 1961, 1919 , A Smith and R H Lombard, tb , 37. 48, 1915 

19 H Fizeau, Compt Bend , 64 314, 1867 , J. C G de Marignao, Ann Chim Phys , (6), 
8 410, 1876 , J Thomsen, Pogg Ann., 142. 337, 1871 ; A Winkelmann, tb , 149 1, 1873 ; H.Kopp, 
Liebig's Ann Suppl , 8. 289, 1866; F. Neumann, Pogg, Ann, 126 120, 1865. 

20 G. T Gorlach, Specifische OewichU der gebra/uchlxchsten Sahddsungen, Freiburg, 1859 ; 
C. Bender, Wied. Ann , 20 660, 1883 , 22 179, 1884 , 81 872, 1887 

21 J 0 G. de Marignao, Btbl Umv . Aichiv , 33 169, 1868 , Liebig's Ann., 149. 354, 1869 ; 
A Horstmann, Ber., 2 137, 1869 , F. M. G. Johnson, Zeit phys . Chem , 65 38, 1909 ; A Smith 
and R, H Lombard, Joum Amer . Chem. Soc., 37 38, 1916 , F. E. C Scheffer, Zeit phys Chem , 
71 214, 1910 , H. Rassow, Zeit anorg Chem , 114 117, 1920 , K Kraut, tb , 5, 278, 1894 , 
G Bartha, Ueber die Stedepunkte der Alkalxmeialle und Alkalihalogentde %m Varuum des Kathoden- 
hchts, Heidelberg, 1912. 

21 M Berthelot, Ann. Chim Phys., (4), 29 433, 1873 ; Compt. Bend., 90 779, 1880 , 
P A Favre and C A. ValBon, ib , 77. 802, 1873, J. Thomsen, Ber., 4. 941, 1871, Thermo- 
chemische Untersuchungen , Leipzig, 1 316, 1882 ; 2. 73, 1883, 3. 109, 187, 1885, Journ prakt 
Chem , (2), 21 449, 1879 , (2), 16 §7, 323, 1877 , J. H Long, Wied. Ann , 9. 613, 1880 ; A, Raabe, 
Bee Trav Chim. Pays-Bas, 1. 168, 1882 ; P A Favre and J. T. Silbermann, Ann Chim Phys , 
(3), 37 422, 1853 , E F. von Stackelberg, Zeit. phys Chem., 20 169, 1896 ; 26 633, 1898 , 
S Arrhenius, ib , 9 333, 1892 ; E F von Stackelberg, ib , 20 160, 1896 , F. Rudorff, Ber , 2. 
68, 1869 , F R. Pratt, Joum. Prankhn Inst , 185 663, 1918 , R Wegscheider, Zeit anorg 
Chem , 103 207, 1918 ; R de Fororand, Compt Bend . , 143 98, 1906 ; 152 27, 1911 ; F L. Haigh, 
Joum, Amer Chem . Soc , 34 1137, 1912. 

28 G J Mulder, Bijdiagen tot de geschiedenis van het scheikundtg gebonden water, Rotterdam, 
67, 1864 ; P A Meerburg, Zeit anorg. Chem., 37 203, 1903 ; M. AUuard, Compt Rend , 59 
600, 1864, K von Hauer, Joum piakt, Chem, (1), 103. 114, 1868, G Michel and F. KrafH, 
Ann Ohim. Phys , (3), 41 471,1864, C J. B Karst en, Schweigger' 8 Journ , 65 408,1832, P Fuchs, 
Zeit angew. Chem, 11 904, 1898; W H Perkin* Joum Chem Soc, 55 680, 1889, F E. Q 



B76 


INORGANIC AND THEORETICAL CHEMISTRY 


Scheffer, Proc Atad Amsterdam, 18 446, 1910 ; L. Tschugaeff and W ChlopJn, Zeit anorg 
Chem ,86 154, 1914 

34 L 0 de Coppet, Zeit phys Chem , 22 239, 1897 ; An?i Chim Phys , (4), 25 618, 3872; 
F Rudoiff, Fogg Ann, 114 71, 1861 , F Guthiie, Phil Mag , (4), 49 269, 1876, (6), 1 360, 
1876 

25 E F. von Stackelberg, Zeit phys Chem , 20 166, 1896 , F Braun, ib , 1 269, 1887, 

20 p p Fediotieff, Zeit phys Chem , 49 169, 1904, R Engel, Ann Ohim Phys , (6), 13. 
379, 1888 ; A Ditto, ib , (5), 22 661, 1881 ; G Jeannel, Compt Rend , 103 381, 188b 

87 R Engel, Bull Soc Chun, (3), 6 17, 1891, L Troosb, Compt Rend , 88 678, 1879; 
92 715, 1879 ; J Kendall and J G Davidson, Journ. Amer Chem . Soc , 42 1111, 1920 

is E. C. Franklin and 0 A. Kraus, Amer Chem Joum , 20 820, 1898 , 28 277, 1900 , 24. 
S3, 1900 ; Joum Amer . Chem Soc , 26 499, 1904 ; H Moissan, Compt Rend , 133 713, 
1901. 

2D F. Rudorff. Pogg Ann , 114 71, 1861 ; G Karsten, Karsten's Aichtv , 20 46, 1846, 
G. J Mulder, Bijdragen tot de geschiedenis tan het scheiJcundig gebonden water, Rotterdam, 1864 , 
A A Noyes, Zeit phys Chem , 6 256, 1890, W Meyerhoffer, Monatsh , 17 13, 1896, 
N A. T&chemay, Joum. Russian Phys. Chem Soc , 20 486, 1888 , 21 176, 1889 

30 H. Schiff and TJ. Monsaccki, Zeit phys Chem , 21. 277, 1896 , E Ruppm, ib , 14. 467, 
1894 , M. Rogow, ib , 11. 667, 1893 ; J Thomsen, ib , 13 401, 1894 , A Buligmsky, Pogg 
Ann , 134 493, 1868 ; O Grotnan, tb , 160 247, 1877 , J. Thomsen, %b , 142 337, 1871 , H Schiff, 
Liebig's Ann, 109. 325, 1869 , 113 349, 1860 , G T Gerlaeh, Specifieche Gemchte der gebrauch- 
hchst&n Sakl&sungen, Freiberg, 1859; Zeit anal Chem, 27 271, 1888; L. de Boisbaudran 
Compt Rend, 121 100, 1895, J. Traube, Zeit anoig Chem, 3 11, 1893; F L Haigh, Joum 
Amer Chem Soc , 34 1137, 1912; W W. J Nicol, Phil Mag , (5), 15 91, 1883, (5), 16 121, 
1883; A. Wmkebnann, Pogg Ann, 149 1, 1873, G Michel and F. Krafft, Ann Chim Phys , 
(3), 41 471, 1854 

31 M Schumann, Wied Ann, 31 14, 1887, W 0 Rontgen and J Schneider, ib , 29 1C5, 
1886; 81.1000,1887, F Braun, tb , 31 331, 1887, Zext phys Chem, 1 264, 1887, H Gilhaut, 
ib , 14 727, 1894; W Spring, ib , 2 536, 1888 , 9 744, 1892 ; O Schmidt, Sitzber AJcad Wien, 
114. 945, 1905. 

* 2 A. Karutz, Zext phys Chem , 22 336, 1897, S Arrhenius, ib , 1 285, 1887; R Abegg, 
\b, 11 248, 1893; J. W, Retgers, tb , 9 318, 1892; R Cohen, Wied. Ann , 45 606, 1892 ; 
A. Spring, Ardhiv. Phys. Nat Geneve, 53 112, 1875, F H Getman, Joum Amer. Chem Soc , 
SO. 721, 1908 

33 C Forch, Ann Physil, (4), 17 744, 1905 , P Yolkin ann, Wted Ann , 17. 374, 1882 ; 
W H Whatmough, Zeit phys Chem ,39 154, 1902 ; E Canestrmi, Riv Scxent Ind , 33, 1892 , 
T. Hubener, Pogg. Ann , 160 248, 1873 ; 0 Decharme, Ann. Chim Phys , (4), 27 228, 1872 

34 J Schumeister, Sitzber AJcad Wien, 79. 603, 1879 , J D R Scheffer, Zeit phys. Chem , 2. 
390, 1888; W. Nemat, tb., 2. 628, 1888; J 0 Graham, ib , 50 26 7, 1905, J. H Long, Wied 
Ann, 9 613, 1880; Phil Mag, (5), 9. 313, 413, 1880. 

G Tammann, Wted Ann , 24 523, 1885 , J Walker, Zeit. phys. Chem , 2 602, 1888 ; 
F. M. Raoult, Compt Rend , 87 167, 1878 ; L C de Coppet, ib , 131 178, 1900 ; W Ramsay 
and S Young, Phil Mag , (5), 21 33, 1886. 

88 M Allaurd, Compt. Rend , 59 500, 1864 ; G T Gerlaeh, Zeit. anal Chem , 26 413, 1887 ; 
S. M Johnston, Trans. Roy Soc IS dm ,45 193, 1906. 

87 L. C de Coppet, Compt Rend, 131 178, 1900 , Zeit phys Chem , 22 239, 1897 ; W. Blitz, 
40. 198, 1902; H 0. Jones, ib , 11. 114, 1893, E H Loomis, Wted Ann, 57 602, 1896; 60 
627, 1897 ; F. Rudorff, Pogg Ann , 114 55, 1861 , F. M Raoult, Compt. Rend , 87 167, 1878 

88 J H. van’t Hoff and L. T. Reicher, Zext phys Chem , 3 198, 1889 , S Anhemus, ib., 
1. 635, 1887 ; H de Vnes, ib , 8 103, 1889 ; H C Jones and F H Getman, ib , 49 433, 1904 ; 
A. A. Noyes, *6,9. 608, 1892 , 0, Bruok, Hydrolyse von Ammontumsalzen in Stedender wassnger 
Ldsung, Giessen, 1903 


89 J. Graihch, KrystdRographisdhnOpUsdhe Untersuchungen* Wien, 1858, M le Blanc and 
P Rohland, Zeit phys. Chem > 19 261, 1896, R Bach, tb., 9 260, 1892, L Buchkremer, ib , 
6 161, 1890, D Dijken, ib , 24 81, 1897 , J H Gladstone and W. H Perkin, Jovrn Chem 
Soc , 55 750, 1889 ; W. H Perkin, ib , 55. 680, 1889 ; E Doumer, Compt Rend., 110 40, 1890 , 
P Barbier and L. Roux, *6., 110 457, 527, 1071, 1890 ; C Cheneveau, Ann. Chim Phys , (8); 
12 145, 1907 , F L Haigh, Joum Amer Chem Soc , 84 1137, 1912 , S Procopiu, Compt. 
Rend., 170 1445, 1920 ; O Rreinkober, Zeit. Phystk, 3. 1, 1920 

40 F. Kohlrausoh, Wted. Ann ,26 161, 1885 , R. Dennhardt, tb , 67 325, 1899 , J. H. Long, 
ib., 9 613, 1880; H. 0 Jones and A P West, Amer Chem Joum., 84 657, 1905, H. C. Jones, 
ib., 35. 445, 1906 ; The Electrical Conductivity, Dissociation, and Temperature Coefficients of 
Conductivity, Washington, 1912 ; J. E van’t Hoff and L T. Reicher, Zext. phys Chem , 3. 198, 
1889 ; S Arrhenius, ib , 1 285, 1887 ; E Bouty, Compt Rend , 98 140, 1884 , F. Kohlrausoh and 
O- Grotnan, Pogg Ann , 154 1, 215, 1875 , A de Hemptinne, Zeit. phys Chem., 12 244, 1803 , 
J. F DanieLl and W. A Miller, Phil Trans , 134 1, 1844 ; W. C. D. Whetham, *6 , 184 A, 337, 
1892 ; O. Masson, ib., 192. A, 331, 1899 , 0 Cattaneo, Rend Accad. Ltncet, (5), 5 li, 207, 1896, 
(5), 6. l, 279, 1897. 


w l*L ted Ann •> 46 29 ' 1862 f Zett Tty** Chem , 27. 1, 1898, 28. 439, 1898, 

W Hittorf, ib., 89. 612, 1901; 48. 49, 1903, Pogg . Ann., 89. 177, 1853; 98 1, 1856; 10& 



THE ALKALI METALS 577 

1 1858 ; 106 338, 513, 1859 , H Jahn, Zeit phys. Chem , 58. 641, 1907 ; S. Arrhenius, ib., 1. 
635, 1887 ; W Kistiakowsky, ib , 6 119, 1890 ; H 0 Jones, tb , 11. 114, 1893. 

« JVL le Blano, Zett phys Chem , 8 299, 1891 , H Kolbe, Liebig's Ann , 64 236, 1847. 

‘3 0. A L. de Bruyn, Itec Trav Glum, Pays-Bas, 11 156, 1892 ; G. Carrara, Gazz Chim. 
Ital , 26 l, 104, 1890; H A Bathnck, Joum Phys Chem , 1 159, 1896, H E Armstrong 
and co-workeis, Proc Roy Soc , 79 564, 1907 ; L. Kahlenberg and H Sohlundt, ib , 6 447, 
1902 , F L Shmn, t b , 11. 537, 190S , A. Qerardin, Ann Chim Phys., (4), 5 147, 1892 , W. H &sz 
and M Enoch, Zett. anorg Chem , 45 203, 1905; H Zanmnowich-Tessann, Zeit phys, Chem , 
19 261, 1896 ; S Arrhenius, ib , 9 487, 1892 , Z Klemensiewicz, Am A lad. Cracow, 486, 
1908 , L Kahlenberg and F. C Krauskoff, Joum Amer. Chem Soc , 30 1104, 1908 ; M Stuckgold, 
Joum Chim Phys , 15 602, 1917 

44 R. Fittig, Liebig's Ann , 128 189, 1863 , H C Libbits, Ber ., 5 820, 1872 ; W.W J Nicol, 
Phil Mag , (5), 15 91, 1883 , A R Leeds, Amer Jowrn Science , (3), 7 197, 1874 ; J B Emmett, 
ib , (2), 18 58, 1830 , Amer. Chem Joum , 2 246, 1880 , Ohem . News, 89. 17, 1879 ; A Naumann 
and A Rucker, Joum pralct Chem , (2), 74 209, 249, 1906 ; V H Yeley, Joum Chem Soc , 
87. 26, 1905 ; E G Hill, ib , 89 1273, 1906 ; 8 E Moody, Amer Joum Science, (4), 22 379, 
1900, H Schreib, Zeit. angew Chem , 8 211, 1889; D Vitali, BoU Chim Farm , 40 791, 1901 ; 
G Gore, Phil Mag , (6), 37. 306, 1894 ; A Bmeau, Ann Chim Phys , (2), 63 416, 1838 ; J. S Stas, 
Mtm Acad. Belgique, 35. 3, 1865 , H B. Baker, Joum Chem Soc , 65 615, 1894 , E A Schneider 
and F W. Clarke, Ber , 25 883, 1892 , F W Clarke and G Steiger, Amer Joum. Science, (4), 
8 245, 189fr; (4), 9 117, 345, 1900 , (4), 13 27, 1902 , J. L Smith, ib , (2), 50 269, 1871 

45 P. Haatefenille, Bull Soc Chim , (2), 7 198, 1869 , H Moissan, Ann Chim Phys., (5), 
25. 401, 1882 ; P. Fireman, Joum Amer Chem. Soc., 26. 741, 1904 , H N Stokes, Amer . Chem . 
Joum, 19. 782, 1898, K Haohmeister, Zeit, anorg Chem , 109 145, 1920. 

« E Soubeiran, Ann Chim Phys, {2), 48 113,1831 , W. R Hodginson and F K. S. Lowndes, 
Chem News, 58 309, 1887 , 59 63, 1889 

47 H Rose, Pogg Ann , 38 117, 1836 , C. Stammer, tb , 82 140, 1851 , R. Salvadon, Oassz, 
Clam. Ital . , 82. n, 496, 1903 

48 F. G. Matthews, Proc Chem . Soc , 4 102, 1888 ; C R. A Wnght, Joum . Chem. Soc., 39. 
367, 1881 ; E Berger, BuU. Soc Chim , (3), 81 602, 1904 , D Tom to a si, Chem. News, 48 241, 
1881 ; W. W J. Niool, PhiL Mag „ (5), 17. 160, 1884 ; M Berthelot, Compt. Rend , 108. 911, 
1886. 

48 £L Davy, Phil Trans , 100 16, 1810 , H Ditz, Zeit. angew Chem , 14. 6, 1901 ; G. Lunge, 
Dingier' 8 Joum , 261. 2051, 1851; L Santi, BoU Chim. Farm, 43 673, 1904, F. Rasctog, 
Zeit angew Chem , 20 694, 1907. 

50 F Mohr, Arch Pham , (2)', 58, 129, 1849 ; M Berthelot and G. Andr6, Ann. Chim Phys., 
(6), 11 294, 1887; Compt Rend, 103 184, 299, 1886; F Isambert, ib , 100 857, 1885; 102. 
1313, 1886 ; L, Vignon, ib , 108. 96, 1889 , H Cantom and G Qoguelia, Bull Soc Chim., (3), 
31. 282, 1904 ; L Santi, BoU. Chim Farm , 48 673, 1904 

61 J. M. Lovdn, Zeit anorg Chem., 11 404, 1896 ; W Herz, ib , 21 243, 1899 ; 22. 297, 
1900 ; 23. 222, 1900 , 24 123, 1900 ; W. Herz and G. Muhs, ib , 38 138, 1904. 


§ 17. The Alkali Bromides 

The history of the bromides dates from the discovery of bromine by A, J. Balard 1 
in 1824. He prepared potassium bromide by the action of bromine on potash lye, 
and calcined the residue remaining on evaporating the product to dryness. The 
bromine in sea-water may bo present as alkali bromide, but moie probably as 
magnesium bromide. It is, however, uncertain how the bromides are distributed ; 
and similar remarks apply to the bromides present in spring and mine waters. 
Potassium bromide is used in chemical laboratories , medicinally in some nervous 
diseases ; and m photography. 

The preparation of the alkali bromides. — While V. Merz and W. Weith 2 found 
that metallic sodium reacts very slowly with bromine such that even after the two 
elements have been kept for 8 hxs. at 200°, the conversion of sodium into the bromide 
is but superficial; potassium, caesium, and rubidium unite with bromine more 
quickly, forming the alkali bromide. The bromides are also formed when hydro- 
bromic acid is neutralized with the alkali hydroxide or carbonate, and the solru 
evaporated. This method, for example, has been used for preparing rubidium 
bromide, KbBr. C Chaubn6 and N 1ST BeketofE made a soln. of caesium bromide, 
CbBt, by the double decomposition of caesium sulphate, and barium bromide. 
F. Klein 2 made hthium bromide by digesting calcium bromide with lithium carbonate 
vol. n. 2 p 
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and evaporating the eleaT liquid ; potassium bromide was similarly prepared by 
treating calcium biomide with potassium sulphate ; A Faust used potassium 
carbonate 

O. Henry prepared sodium and potassium bromides by boiling ferrous bromide 
respectively with potassium or sodium carbonate until the precipitate is brown 3 
the clear liquid was then filtered and evaporated. J Knob loch recommended 
treating a mixture of ferrous bromide with milk of lime, and then with potassium 
sulphate if potassium bromide is desired, or with Glauber’s Balt if sodium bromide 
is to be made. The mixture is then to be boiled, the precipitated iron oxide filtered 
off, and the soln evaporated, for cubic crystals of potassium bromide This is the 
principle of the method employed for manufacturing potassium bromide on a 
large scale • 

Add 15 grms (or 5 c c ) of bromine to 100 c c of water contained m a 250 o.o flask , 
and with constant shaking gradually add 8 grms of iron filings to the contents flask If 
the reaction ; Pe+Br a — FeBr a promises to become too violent, cool the flask by dipping 
it m cold water Heat the flask and its contents on a water-bath until the liquid loses its 
brown colour. The flask then contains a green soln of feme and ferrous bromide together 
with an excess of iron To the filtered soln add sufficient potassium carbonate to pre- 
cipitate all the iron FeBr,+ K 2 C0 3 =FeC O a +2KJBr 5 and leave the liquid slightly alkaline 
Heat the mixture on a water-bath. The precipitate, at first white, rapidly becomes 
brown 4FeC0 a -f-0 3 =2Fe a 0 3 4-4C0j When the precipitate has settled pour off the dear 
liquid, and wash the precipitate by decantation with hot water The dear filtered liquid 
is evaporated for crystals of potassium bromide 

The bromides are also prepared by dissolving bromine in alkali lye. The 
mixture of bromides and bromates is evaporated ; and calcined to decompose the 
bromates The calcined mass is dissolved m water, and the soln acidified with 
hydrobromio acid, and evaporated. C Lowig recommended evaporating the 
soln of mixed bromides and bromates to a semi-fluid consistency, mixing the product 
with powdered wood charcoal, drying, and calcining the mixture in a crucible at a 
red heat. The sintered mass is then to be leached with hot water, and evaporated 
fox crystals of the bromide C Lowig also decomposed the bromates in the soln. 
by hydrogen sulphide, boiled the liquid to drive off the dissolved gas, and after 
filtering off the sulphur, neutralized the liquid either with hydro bromic acid or 
alkali lye, and evaporated to dryness 

M Failures prepared the salt by mixing 80 grms of bromme with a soln. 
of 100 grms. of potassium carbonate in 500 gnus of water , the resulting soln of 
potassium hypobromite was mixed with 30 grins of ammonia water (sp gr 0 875) 
diluted with 80 grms of water The liquid was evaporated to dryness, calcined, 
extracted with water, and the soln allowed to crystallize. M. Castelhaz recom- 
mended saturating aqua ammonia with bromine, the ammonium bromide which 
crystallizes from the soln. is free from iodides since the ammonium iodide remains 
in the mother liquid When a soln of ammonium bromide is boiled with sodium 
hydroxide or carbonate, until the smell of ammonia has disappeared, orystals 
of sodium bromide can be obtained. Similar remarks apply to potassium 
bromide. J r 

The impurities of potassium bromide. — Judging from the analyses of potassium 
bromide by H Adrian, 4 the older commercial varieties were very much more con- 
taminated with impurities than modern samples For example, H. Adrian found 
10 to 15 per cent of impurities in 10 commercial samples , to-day, the German 
Pharmacopoeia permits 2 per cent, of potassium chloride, and about 0 1 per cent 
of the carbonate. There has been reported 0-13 per cent of KOI m English bromide, 
4-52 to 5*92 per cent, in American , and in both, 0 35 to 1*29 per cent of moisture. 
The bromide from Stassfurt is free from iodides. To detect iodides, the soln is 
tost treated with a little fuming nitric acid, and then shaken with chloroform, 
T b !r lod P e 18 P reaent > chloroform will not be coloured, but if the bromide 
be treated with an excess of feme chlonde the iodine will colour the chloroform 
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rose-pink If the salt be treated with, potassium permanganate, the bromide 
will not be decomposed but the iodide will be converted into lodate A. Baudnmont 
freed potassium bromide from iodide by boiling a cone soln with a kttle bromine 
water The liberated iodine volatilizes with the excess of bromine during the 
boiling 

The properties of the alkali bromides. — The bromides of the alkalies and am- 
monium all crystallize m the cubic system J. W Retgers 6 found that cubic crystals 
are obtained with potassium bromide in soln conta inin g a little urea; chromic or 
feme chloride , or lead chloride The space lattice is indicated in connection with 
the chlorides H Schwendenwem studied the space lattice of the crystals of the 
alkali bromides , W. P. Davey that of rubidium bromide K. Eajans and K E. Herz- 
feld found for the distances apart of the atoms m the space lattice of sodium, 
potassium, and rubidium bromides, respectively 2 980X10” 8 , 3 295X10” 8 , and 
3 440 XlO -8 cm , and for the respective lattice energies, 159 7, 150*4, and 146*5 Cals, 
per mol E. Newbery and H. Lupton 6 found that potasaium bromide is coloured 
sea-green by exposure to radium emanation, and it resembles the effect produced 
with potassium chloride The crystals glow with a bluish light during the exposure 
E. Bandrowsky 7 reported that a few faint, transient flashes of crystalloluminescence 
occur when potassium bromide is precipitated with 96 per cent alcohol. M. Trautz 
was unable to get the phenomenon with the alkali bromides E. E E^rnau claims 
to have observed the phenomenon with sodium bromide by adding alcohol to sat 
Boln. H B Weiser obtained negative results on repeatmg E. E. Earnau’s experi- 
ments, but observed crystaUolummescence with potassium bromide similar in 
every respect to that with sodium or potassium chloride Alcohol was not a good 
precipitant, but hydxobromic acid of sp gx 1‘337 gave good results. The crystals 
of kthium and sodium bromides are deliquescent in air , the other three salts axe 
not so. E. W. Clarke’s 8 value for the specific gravity of lithium bromide is 3*485. 
P. A, Favre and C A Valson’s value for sodium bromide is 3 198 (17 3°) ; P Kra- 
mers’, 3 079 (17*5°) ; H SchrS’s, 2 952 , G Tschermak’s, 3 011 ; E Brunner’s value 
foil the molten salt between 800° and 1000° is 2 2125—0 00080(0—900) . G. Quincke’s 
value at the m p is 2 448, R Knckmeyer’s value for potassium bromide at 0° is 
2*415 ; at 20°, 2*756+0 003 ; W. Spring’s, 2 704 (18°) ; J. Y Buchanan’s, 2 679 ; 
T. W. Richards and E Mueller’s, 2 73 (25°) , and for the molten salt between 800° 
and 1000°, E Brunner gives Z>=1*991— 0*00080(0 —900) G Quincke’s value at 
the mp is 2*199 , C. J. B Karsten’s value at ordinary temp is 2 672 , L Playfair 
and J P. Joule’s, 2*672 , H G. E Schroder’s, 2 690 (water 3 9° unity) ; B. Gossner’s, 
2*754, J A Craw’s, 2*728 , and M, Sprockhoff’s, 2 751 ; H Topsoe and C. Christian- 
sen’s mean value is 2 681 C. Setterberg’s value for rubidium bromide is 3*358 ; 
J. A Craw’s, 3*314 ; E H. Archibald’s, 3 282 , J. Y. Buchanan’s, 3 210 (23°) ; 
and M, Spxookhoffs, 3*356 C. Setterberg’s value for caesium bromide is 4*463 ; 
M SprockhofE’s, 4*452 ; T W Richards’, 4 380 ; N. N Beketoff’s, 4*523; J Y. Bucha- 
nan’s, 4 508 (22*8°) , and G P Baxter and E N Brink’s, 4*510 (25°) G. P Baxter 
and 0. C Wallace’s data may be taken as embodying the best representative values 
of the salts m question : 


Temperatuie 

LiBr 

-NTaBr 

KBr 

EbBr 

CaBr 

70 19° 

3'446 

3 186 


— 

4 406 

50 04° 

3 454 

3 194 

2*740 

3 340 

4 438 

25 00° 

3*404 

3 203 

2*749 

3 349 

4 433 

0° 

3*474 

3 213 

2*756 

3 358 

4 449 


The mol. vol are indicated in Table XXIV Potassium- bromide does not form 
mixed crystals with the sodium salt. K Eajans and H Grimm studied the mol vol 
of the alkali bromides. For the effect of press on the sp . gr. see the alkali chlorides 
< According to W Muller-Erzbach, the volume contraction which occurs in the 
formation of the halide salts is greatest with the chlorides and least with the iodides. 
This is illustrated m Table XXTV 
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Tabus XXTV — Volume Relations Ob' some Haloid Salts. 



A 

B 

C 

(D-£)IA 

w-mo 

Sp. gr. 

Mol wt 

Calc volume 

Found volume 

Contraction 

RbCl . 



220 

120*9 

wmm 



RbBr * 



2 78 

165 4 




Rbl 



3 02 

212 4 




LiCl 




42 5 

jff 

21 2 

043 

LiBr * 



3*10 


mm 

28 2 

0*25 

Lil 



3 49 

134 0 

37 4 

28 1 

-0 03 


The sp. gr. of the molten alkali bromides are indicated in Table XXV. 
The sp gr D of molten sodium bromide at 0° (water at 4° unity) is 
Z) = 2 306 — 0 0072(0 — J80) — 0 0000008(0 — 270) 2 ; potassium - bromide, D 
s=2 106—0 000799(0—750) ; rubidium bromide, D=2 688—0 001096(0 —700) ; 
and caesium bromide, D — 3 125 — 0*00134(0—650). B. Brunner found for sodium 
bromide, D=2 *21 25 —0*00080(0 —900) R Lorenz and co-workers found for 
potassium bromide, D = 2 626—0 00080. G. Quincke’s values 9 for the capillary 
constant of molten sodium bromide is a 2 =4 08 sq. mm. ; and potassium bromide, 
# 2 ^ 4 * 49 , The yalue for the surface tension of molten sodium bromide is 49*0 
dynes per cm , and for potassium bromide, 48 4 dynes per om. J. M. Jager’s values 
for the sp gr , the surface tension (ergs per cm ), and the mol. surface energy (ergs 
per sq. cm ) axe indicated in Table XXV. T. W Richards and G Jones’ value for 
the compressibility of sodium bromide at 20° between 100 and 500 atm. is 
6 1 X 10~ 6 megabars, and of potassium bromide 6*2 xl0~ 6 megabars. W. C. Rontgen 
and J Schneider studied the compressibility of Boln of lithium, sodium, and potas- 
sium bromides ; F Pohl, sodium and potassium bromide ; and O Schmidt of 
lithium bromide — vide ammonium iodide. 


*A3iiH XXV — Specifici Gravities and Surface Tensions of the Molten Auc am 

Bbomides 


Temp 

Surface tension. 

Bp. gr. 

Mol surface 
energy 

Temp, ooeflf per 
deg 

NaBr«L?5? K * 

105 8 

2 320 

1326 0 

0 53 


78*0 

1 912 

1112 0 

0 53 

KBr i TIT 

85 7 

2 086 

1270 2 

0*76 

t 920° . 

75 4 

1 970 

11610 

0 76 


87 7 

2 656 

1377 7 

0 77 

^ 1121° . 

60 6 

2 226 

1071 0 

0 77 

CaBr j *£•£ * 

81 8 

3 116 

1366 4 

0 90 

\ 970 6° . 

62*7 

2 695 

1153*7 

0 67 


The melting point of lithium bromide is 442°, according to W Ramsay and 
X. Eumoxfopoulos 10 — this value seems to be much too low, fox T. Camel! ey gives 
547 i 5° , G. Kellner, 552° ; and G Scarpa, 550°. For sodium bromide, V. Meyer 
and W. Riddle gave 757 7° , W. Ramsay and "N Eumorfopoulos, 733° ; T Camelley, 
708°~712° , N. S KurnakofE and S F. Schemtschuschny, 768°; J. MacCrae, 
761° ; G. Scarpa, 776° ; G. Kellner, 742° ; O. Ruff and W. Plato, 765° ; and 
IL Hiittner and G Tammann, 749°. For potassium bromide, V. Meyer and 
W. Riddle give 722° ; and T. Camelley, 703°, and, according to the latter, the salt 
freezes at 685° ; K. Huttner and G. Tammann gave 740° ; for the m.p. M. Amadori 
740° ; P. de Cesans, 730° , G. Scarpa, 760° ; G. Kellner, 730° ; 
N. S. Kurnakoff and S. F. ScbemtBohuschny, 790° ; O Ruff and W Plato, 750°. 
T. Camelley gives the imp of rubidium bromide as 683°. Pota ssium bromide. 
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says M. Berthelot, 11 volatilizes at a high temp., and its boiling point, according 
to J McCrae, is 745° L. H. Boxgstrom gives 1455° for the b p. of sodium bromide, 
and 1435° for potassium bromide G. Bartha gave 725° for the b.p. of sodium 
bromide in the cathode hght, and 680° for potassium bromide. According to 
E Bunsen, potassium bromide volatilizes 0 487 times and sodium bromide 1 727 
times as fast as the same quantity of sodium chloride in the hottest part of the 
Bunsen flame Anhydrous lithium bromide gives off a little bromine when heated 
to its mp., sodium and ccesium bromides do not. According to G. Scarpa, in 
the binary system LiOH— LiBr, there is a eutectio at 275° with 45 mol. per 
cent of the hydroxide, and an arrest at 310° corresponding with unstable lithium 
trihydroxybromide, SLiOHLiBr The systems NaOH— NaBr and KOH— KBi 
are completely miscible in the liquid state ; in the former case there is a eutectic at 
260° with 80 mol per cent, of NaOH , and in the latter case, at 205° with 90 mol. 
per cent, of KOH The former is a simple eutectic, the latter gives solid soln. of 
two lands with a miscibility break. The transformation points of the alkali 
hydroxides are rapidly lowered by the corresponding bromides. A. von Weinberg 
obtained 45 7 Cals for the heat of sublimation of sodium bromide, and 45 2 Cals, 
fox that of potassium bromide ; and A. Reis obtained 55 and 50 Cals, respectively for 
sodium and potassium bromides, and between 15 and 35 Cals for lithium bromide. 

The spedflc heat of sodium bromide is 0 13842 and of potassium bromide 
0 11322 between 16° and 98°, according to H. V. Regnault 12 J. N. Bronsted gives 
for the sp ht. of the alkali bromides between 0° and 20° : 

NaBr TTRr BbBr CaBr 

Sp ht . . . . 0-1176 0 1031 0 0743 0 0B82 

Mol ht 12 10 12 27 12 29 12 38 

F. Koref obtained for the sp. ht and mol ht of sodium bromide between —191 ‘4° 
and —82*0°, respectively 0 1014 and 10*44 ; and between 0° and — 70 4°, 0 1170 
and 12 04 Similarly, for potassium bromide between —190 8° and — 82*1°, 
0 0911 and 10 84 ; and between 0° and — 77 5°, 0 1025 and 12*20. W Nemst 
gives for the mean atomic heat of potassium bromide at 78*7° K., 9*48 ; and at 
89*2° K., 10*05 G. NT Lewis and G E Gibson estimate the increase of entropy 
from —273° to 25° as 22*4. The heat of formation of lithium bromide, aoooxd- 
mg to A Bodisco, 18 Li+Bru Q .=LLBraoiid+80 2 Cals.; Li+Biuq ==LiBr fl0 in +91*5 
Cals. ; Li+BigaB^iBifloM+83'9 Cals. ; IA+Brgfta=LiBrsobi +95 2 Cals. The 
heat of formation of sodium bromide from Its elements is 85 77 Cals. ; and of 
potassium bromide : K+Br so u d =KBr BoW +96 4 Cals. According to NT. N. Beketoff, 
the heat of formation of caesium bromide is 99*8 Cals. The heat of solution of 
lithium bromide is LiBr+Aq=ll 35 Cals , according to A. Bodisco ; sodium 
bromide, —0 29 Cal. (M. Berthelot), — 0*19 {J. Thomsen) ; for potassium bromide, 
at 18°, —5 08 Cals (J. Thomsen), and —545 Cals at 10 6° (M. Berthelot). The 
heat of soln Q of a mol. of potassium bromide in 200 mols of water vanes with 
temp, according to the equation <3=5 240+0 038(0—15) Cals. N. ST Beketofi gives 
the heat of soln. of osesium bromide as —6 3 Cals. The heat of neutralization is : 
NaOH + HBr = 13*6 Cals ; HBraoj^ + ^KaO^in. — KB* + H s O + 13*5 Cals. ; 
HBr so iid+NaOH B oUd=NftBr ao u d +H 2 0 S oiid+34 Cals., and for potassium hy- 
‘droxide, 41*7 Cals. Potassium bromide is nearly twice as soluble as the corre- 
sponding chlonde in water at 0°. A. von Weinberg obtained 150*1 Cals fox the 
heat of dissociation of lithium bromide ; 140 1 Cals for sodium bromide ; 144 2 Cals. 
foT potassium bromide ; 145*0 Cals, for rubidium .bromide ; and 145 8 for ceesium 
bromide 

The solubilities of the alkali halides m 100 gims of water ate : 




0 * 

10° 

20° 

40° 

60° 

80° 

1000* 

LiBi 


. 143 

161 

177 

202 

224 

245 

266 

NaBr . 


. 79*5 

84-5 

90 3 

105 8 

117 0 

119 0 

12 10 

NH 4 Br . 

a 

, _ 

66 '2 

74*0 

87*5 

101*0 

115 0 

128 2 

KBr . 

- 

. 53 5 

59*5 

65*2 

75 5 

85 5 

95 0 

104 0 
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The data for lithium bromide are by P Kremers, 14 and the data for sodium bromide 
by L C de Coppet— A Etard’s data are much lower than L. C de Coppetfs. 
The solubility of sodium bromide in 100 grins of water is 57 5 (A Etard), 
71 4 (L C de Coppet) at — 20° , 116 (A fitard), 124 (L 0. de Coppet) at 120°; 
and 118 (A. iltard) at 140° F Guthrie gives for sodium bromide 67 5 at —28° , 
70 at —24° ; 71 4 at —20° ; and 75 1 at —10° L. C. de Coppet was unable to 
make a satisfactory interpolation formula for the solubility S of sodium bromide. 
A Etard gives 5=4O+Q'O17460 grms per 100 grma of water between 20° and 40° , 
and 5=52 3 ± 0 01250 between 40° and 150° "Values for the solubility of potassium 
bromide have been obtained by A Meusser, A iStard, W A Tilden and W A Shea- 
stone, and by L. C de Coppet A. Meusser gives 46 7 for —10° , 109 5 for 110° ; 
120 9 for 140° , and 145 6 for 181° L. C. de Coppet gives the interpolation formula 
for the solubility 5 between — 13 4° and 110° of potassium bromide at 8 ° as 
£=54 43+0 51280 grms of salt per 100 grms of water, and A Etard gives 
£7=34 5+0-24200 between 0° and 40°, and 5=41 5+OT3780 between 30° and 
120°. The values for rubidium bromide by E Rimbach are : 

0 6 6 5 0° 16 0° 39 7° &7'S° IIS'S 1 * 

BbBr „ . . 89 6 98 0 104 8 131 86 162 47 206 21 


L Reissig gives the solubility of rubidium bromide as 98 grms m 100 grms. of 
water at 5° ; and 105 grms at 16° J N Bronsted measured the solubility of the 

alkali halides m aq. soln of 'potassium hydroxide at 
— — p~| IT") 20°. For the solubility of potassium bromide m aq 

/Z °1 aad nitrobenzene soln of bromine, vide bromine 

l0C f> .Jr— Lithium bromide separates from its aq soln in very 

I | deliquescent crystals, and it forms different hydrates 

^ 4-f — which are determined by the temp, of crystallization 16 

ir! With cold soln , fine needle-hke crystals of trihydrated 

£ zo J -\_JjT lithium bromide, LiBi 3H 2 0, melting at 3 5°, are 

+J formed ; at 4° these pass into prismatic crystals of 

1 dihydrated lithium bromide, LiBx 2H 2 0,meltmg at 44° , 

the dihydrated salt passes into monohydrated lithium 
_ tT w i bromide at 44° , and at 159° into the anhydrous salt 

of ^Sodium Bromideand Meyerhofier’s 10 solubility curve of sodium bromide 
Water is shown .in Fig 29 The transition point of dihydrated 

sodium bromide, NaBr2H 2 0, to the anhydride is 
50 674°, and this point has been suggested by T W Richards as a fixed-point in 
thermometry EL M Dawson and C G Jackson found the transition point 
lowered 3 45° by the introduction of urea Aq soln of sodium bromide at ordinary 
temp furnish prismatic monoclinic crystals of the dihydrated salt, isomorphous 
with the corresponding dihydrated sodium iodide According to P A Favre and 
0 A. Valson, this salt has a sp gr of 2 176+0 003, according to R Erickmeyer, 
2*17(20°/4°) ; and according to M. Berthelot, the heat of formation is NaBi+2H a O 
=NaBr 2H 2 0+4 15 Cals. The dihydrated salt is stable over the range from 
50-674° down to —24° when pentahyarated sodium bromide, NaBr ; 5H 2 0, is formed, 
and the range of stability of this salt is small — between —24° and —48° The* 


eutectic temp is — 28°. The increase in the solubility of the anhydrous salt with 
a rise of temp is smaller than with the dihydrated salt, and this corresponds with 
the smaller heat of soln of the latter. No hydrated bromides of potassium, rubidium, 
or caesium are known. One way of expressing this is to say that the electro- 
affinity of the potassium ion is greater than is the case with the sodium ion, and 
consequently the tendency to hydration is less According F. Guthrie and 
F. Riidorff, the eutectic temp with potassium bromide is — 13°, and the mixture 
then contains 47 grms of the salt in 100 grms of water 

The specific gravities of soln containing n grms. of lithium bromide per 100 
grms of water at 19*5° have been determined by P. Kremexs, 17 and recalculated 
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by Cr T Gerlach similarly for sodium bromide at 15° , and of potassium bromide 
at 19 5° : 


n 

• 

. 5 

10 

15 

20 

25 

30 

35 

40 

50 

55 

LiBr . 

• 

. 1035 

I 072 

1 113 

1 156 

1 204 

1 254 

1 309 

1 368 

1 500 

1 580 

NaBr 

m 

. 1 040 

1 080 

1 125 

1 174 

1 266 

1*281 

1 344 

1 410 

1 565 

. — 

KBr . 

m 

. 1 037 

1 075 

1 116 

1 159 

1 207 

1 256 

1 309 

1 360 

1 430 

— 


M le Blanc and P, Rohland give tbe sp gr of a 6*60 per cent soln. of rubidium 
bromide at room temp as 1*0525; and of a 14 36 per cent soln. aa 1 1225. 
G P Baxter Las measured the sp gr of soln of the five alkali bioimdcs and com- 
pared the observed mol vol of the solids with those computed from the at. vol. 
of the elements, and with the mol vol of the salts in soln C Porch’s values 18 
for the coefficient o£ cubical expansion a of aq soln of 59 5 grins of potassium 
bromide are 0 000067 (0°-5°), 0 000128 (5 o -10°), and 0 000387 (35°-40) , for 119 
grins, of potassium bromide per litre, 0 000140 (0°-5°), 0 000184 (5°-10°), and 
0 000406 (35°-40°) ; and for 2 38 grins per litre, 0 000241 (0°-5°), 0 000269 (5°-10°), 
and 0 000444 (35°-40°) 

The coefficient of thermal expansion (linear) for crystals of potassium bTormde, 
by H Fizeau, is <x=0 000042007 at 40° The coeff of cubical expansion of crystals 
of the alkali bromides, by G P Baxter and C. C Wallace, are : 

NnBr KBr KbBr CsBr 

0 °- 25 ° . . . 0 000122 0 000112 0 000113 0 000141 

26°— 60“ . . . 0 000119 ,0 000125 0 000101 0 000137 

The diffusion coefficient 10 of sodium bromide is 0 86 at 10° for bgIh of sodium 
bromide containing 2 9 mols per litre ; and for 7V-soln of potassium bromide, 

1 13 per sq cm per day. The capillary constant 20 of fused sodium bromide is 
o 2 = 4 08, and potassium bromide, o 2 =4 49 sq. mm. The surface tensions -are 
respectively 49 0 and 48 4 dynes per cm. W. Herz and G. Anders 21 measured 
the viscosities of soln of alkali bromides ; and E. Korber the effect of press, on the 
viscosities as indicated m Table XIX 

The boiling point of a sat soln. of sodium bromide is 121° , and of potassium 
bromide, 112°. The b.p. of water is raised 0 120° with the soln of 1*35 grms of 
sodium bromide (A Schlamp), 22 and 1 872°, with 17 92 grms of the same salt 
(W. Landsberger) per 100 grms of water. Similarly, with 2*614 grms. of potassium 
bromide per 100 grms of water, L Kablenberg observed a rise of 0 206°, and 
with 50 14 grms , 7 754°. The mol rise of the b.p. of sodium bromide soln. increases 
with increasing cone from 0’92° to 1*076° and of potassium bromide from 0 94° to 
1 13° in the examples quoted. This is just the opposite to what would bo expected 
if the ionization decreased with increased cono. Hence it is assumed that the 
hydration of the salt m soln marks the effect produced by the ionization of the 
salt per se G, Tammann 23 has measured the lowering of the vapour pressure of 
water at different temp by soln of lithium, sodium, and potassium bromides. The 
mol lowering of the freezing point of aq soln. of lithium bromide, determined by 
W Blitz, is 0 292° with 0 07845 mol. of LiBr per 1000 grms of water, and 3 631° 
with 0 9138 mol. H Jahn’B values for the mol lowering of the f.p of soln 
of sodium bromide are 3 444° for 0 305S7V-soln. of NaBr , and S 602° for 
0 02542^-soln. W. Biltz and H. Jalm 9 s 24 have likewise found values for potassium 
bromide where for soln with 0*363 grm. of the aalt per 100 grms of water the 
lowering of the f.p. is 3 61°, and with 8’101 grms. of salt, 3 30° The depression of 
the f p of both the chlorides and bromides is greater with cone. soln. than corre- 
sponds with the degree of ionization deduced from conductivity measurements, 
and this fact is cited as evidence of the formation of hydrates, or, according to 
EL C. Jones and J N. Pearce, aa evidence of the formation of hydrated ions. 

The specific heat of a 3*2 per cent, soln of potassium bromide (i e . one eq per 
400 eq. of water) is 0 962 at 18° according to J. Thomsen 25 ; and J. C G da Marignao, 
between 20° and 51°, gives the sp. ht 0 7691 for soln. containing 2 eq. of KBr per 
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50 eq. of water, H 2 0 ; 0 8643 per 100 eq. of water , and 0*9250 per 200 eq of 
water , the corresponding values for sodium bromide are respectively 0 8092, 

0 8864, and 0*9388. According to G Jager, 20 the thermal conductivity of a 40 
per cent. soln. of potassium bromide, is 81 1 (silver unity) ; 40 per cent. soln. of 
sodium bromide, 88*9 ; and 20 per cent, soln of sodium bromide, 93. 

H. Topsoe found the refractive indices of crystals of potassium bromide to be 

1 5546 for the O - line , 1*5593 fox the D-line ; 1 5715 for the E-line ; and 1 5814 
for the H-line. Similar results were obtained by M. Sprookhoff, and for rubidium 
bromide, 1*5483 for the O-hne , 1*5528 for the D-hne , and 1 5646 for the E-lme. 
Tor the caesium bromide, M Spxockhoff obtained 1*6924 for the C-lme , 1 6984 for 
the 19-line , and 1 7126 fqr the E-line. The refractive index a of soln. of hthium, 
sodium, and potassium bromides have been determined by Gr. P. Baxter , and for 
potassium bromide soln. by A. H Boxgesms, 27 at 18° for the D-line The fractional 
increase in the refractive index (p, — l^)l w of soln. containing w per cent of the salt 
per litre, is 

w . . 2 9210 1*4705 0*7370 0 3710 0*1840 

/*•)*» • * 0*001204 0*001197 0*001196 0 001191 0 001180 

M. le Blanc gave the refractive indices of soln of potassium and rubidium bromides 
as 1 5593 and 1*5533 respectively, when the densities are 2*738 and 3 314 respectively. 
Hence the refraction, eq. of potassium bromide by Gladstone and Dale’s formula is 
therefore 24*32 ; and by Loientz and LoTenz’s formula 14*05 ; the corresponding 
values for rubidium bromide are 27 62 and 15 98. The mol refractions of potassium 
bromide in soln. by the two formula are respectively 25 11 and 14 70 ; and of 
rubidium bromide m soln , 27 85 and 16*33. The mol. refractions of these salts 
are therefore greater in soln than in the solid form. Crystals of potassium bromide, 
says H. Marbuch, exhibit optical activity. A. S. Newcomer found that sodium 
chloride was the only salt relatively soluble and yet capable of emitting fluorescent 
rays in the mid-ultra-violet region of the spectrum under the influence of X-rays. 

W. Ostwald’s values 28 fox the eq electrical conductivity A of soln of sodium 
bromide and of potassium bromide, when a mol. of the salt is dissolved in v litres 
of water, at 25°, are : 


V 

• 

. 32 

64 

128 

256 

512 

1024 

NaBr, A 

• 

. 116 0 

118*2 

121*3 

124 2 

126 4 

127 8 

KBr, A 

• 

. 137 2 

140 9 

145 1 

148 1 

148 2 

150 5 


Prom their values of the electxioal conductivities of soln. at 18°, E. Kohlrausch and 
H von Steinwehr calculate the degree of ionization of sohi containing 0 0001 mol 
of KBr per litre to be 99 1 per cent., and fox soln. with 0 5 mol. of KBr pei litre, 
79*6 per cent. O. Gropp measured the effect of temp, on the conductivity of 
liquid and frozen soln of hthium, sodium, and potassium bromides E. M. Jager 
and B. Kampa measured the mol. conductivity, ft, of potassium bromide at 0° 
between 745*2° and 868 6°, and found /jl=90 09+0 1906 (0—750). S. Arrhenius 
gives foT the temp, ooeff. of the conductivity between 18° and 62°, for 0 001, 0 01, 
0*1, and 0*5 normal soln., 0*0231, 0 0228, 0*0225, and 0 0210 respectively; he 
also computes the heat of ionization in ^N-Boln. of KBr at 35° to be —425 cals 
B. Bogdan 20 gives the transport number 0 604 at 18° fox soln. between 0 0008 and 
O'1527-NaBr , and 0*504 at 18° for 0 034 to 0 Oil -soln. of KBr. Eor the 
effect of press on the electrical properties, tnde alkali chlorides. A. Reis gave 
foT the free energy for the separation of the ions of KBr, 165 kgrm oals. per mol. ; 
NaBr, 171 ; LiBr, 167 ; and HBr, 315. A Heydweiller gave 2*85 and 4 70 for 
the dielectric constants of powdered and compact potassium bromide. 

A Ditto 80 found the solubility of sodium or potassium bromide to be decreased 
by the presence of the corresponding hydroxide in the same soln. Thus, the water 
solubility of sodium bromide at 17° falls from 91*38 to 68 85 per 100 grms of water 
in the presence of 9*24 grms, of sodium hydroxide, and to 24*76 in the presence of 
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54*52 grmfl of the hydroxide ; similarly, the water solubility of potassium bromide 
falls from about 63 to 43 36 per 100 grins of water m the presence of 11 35 grms. of 
potassium hydroxide, and to 3 24 m the presence of 80*69 grms of the same hydroxide. 
A iltard and C Touren measured the solubility of potassium bromide m aq. soln. 
of potassium chlonde, iodide, and nitrate. The solubility was m all cases decreased 
as the proportion of the second salt m soln. increased 

A. E. Taylor 31 found the solubility of potassium bromide per 100 grms. of 
aq. ethyl alcohol , at 30°, to be reduced as the proportion of alcohol increased, falling 
from 71 30 with water, as solvent to 56 4 with a 20 per cent alcohol , to 44*95 with 
40 per cent alcohol ; to 32*50 with 60 per cent, alcohol ; and to 8 80 with 90 per 
cent alcohol ; while 0. A. L de Bruyn obtained a solubility (25°) of 0 13 with 
absolute ethyl alcohol Absolute methyl alcohol dissolved 1 51 grms of potassium 
bromide at 25° ; and piopyl alcohol 0*055 gnn at room temp. Similarly, 
P. Rohland, C A L de Bruyn, and J M. Eder have shown that 100 grms. of methyl 
alcohol (sp gr. 15°, 0 799) dissolved 21 7 grms of sodium bromide, and absolute 
methyl alcohol, 17 35 grins. The same amount of ethyl alcohol (sp gr 15°, 0*810) 
at 19*5° dissolves 7 14 grms of sodium bromide, and absolute ethyl alcohol at 15°, 
dissolves 6*3 grins, of dihydrated sodium bromide ; likewise with propyl alcohol 
100 c c (sp. gr. at 15°, 0 816) at room temp, dissolve 2 01 grins, of sodium bromide, 
100 grms. of absolute ethyl ether dissolve 0 08 grin, of sodium bromide at 15°. 
H. C. Jones found that the mol wt, of potassium, sodium, and ammonium bromides 
m methyl and ethyl alcohol when determined by the b.p method correspond with 
an ionization of approximately 50 per cent in the former solvent, and 25 per cent, 
with the latter. W. Herz and M Enoch found that at 25°, the water solubility 
of potassium bromide fell from 57*32 grins of the salt to 43*67 grms. per 100 c.c 
of soln. when 120 c.c. of the solvent had 20 o o of acetone and with 90 c o. of 
acetone to 1*20 grms. of potassium bromide. The corresponding sp. gr, of these 
three soln. were 1 3793, 1 2688, and 0 8340 S W. Serkov found evidence of 
the formation of complexes in his study of acetone boIb. of lithium bromide 
Likewise, the solubility per 100 c o. of a 13*28 per cent. Boln. of glycerol was 
52 91 grms of potassium bromide, and the soln had a sp. gr. 1*3704 ; with 
100 c.c. of a 100 per oent soln of glycerol, 20'56 grms of potassium bromide and 
the sp gr of the soln. was 1*3691 ; there is a minimum 1*3580 in the sp. gr. with a 
54*23 per cent glycerol, when 100 c o of the soln. has 36 98 grms of salt. "P. Walden 
found 100 c.c. of a sat soln. in furfural (C 4 H 3 0.C0H), at 25°, contains 0*139 grms. 
of potassium bromide. M Stuokgold found a litre of ethyl urethane , at 60°, dissolved 
0*493 mol of sodium bromide, 0 032 of potassium bromide, and 0*034 of rubidium 
bromide. 

According to W. Herz and 6. Anders, 32 sat soln. of potassium bromide in water 
and methyl alcohol at 25° contain respectively 4*708 and 0*142 mols. per litre ; 
the soln. have respectively the sp. gr 1*37927 and 0 80493 referred to water at 4° ; 
the relative viscosities, 1*062 and 0 697 , the relative eq. conductivities 91*3 and 
67 9 ; and the specific conductivities, 0*4297 and 0*00825. P. Dutoit and A Leviei 
have measured the conductivities of soln. in acetone, and hence inferred that in 
this solvent potassium bromide is much less iomzed than potassium iodide. 

Liquid sulphur dioxide; says P. Walden, 83 readily dissolves sodium and potassium 
bromides, and 0. J. J Fox has shown that at 25° the solubility S of sulphur dioxide 
in soln of sodium bromide, unlike sodium ohloride, is greater than it is in water, 
vw 32 76 Thus for soln. of these salts of normality N f the solubility of sulphur 
dioxide is : 


N -sola. 

m 

. 0*5 

1*0 

1*5 

20 

2*5 

3*0 

Nad, S 


. 32 46 

32 25 

31*96 

31*76 

31 51 

31 36 

NaBr, S 

. 

. 33 76 

34*54 

35 27 

36*26 

36 84 

37*74 


Hence the solubility of sulphur dioxide in sodium chloride soln. is less than it is 
in water, and in sodium bromide soln, greater ; and the difference is the greater 
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the gxeatex the amount of halide in soln Similar results were obtained with 
potassium bromide ox sodium bromide P Walden found the electrical conductivity 
A of a soln of a mol of potassium bromide in 14 6 litres of liquid sulphur dioxide 
to he 30 9, and in 71*5 litres, 35 9 S. Tolloozko showed also that the lowering of 
the f p. of soln. of potassium bromide m antimony trichloride increased with dilution, 
showing that the salt may be more and more ionized in that solvent. 

According to E. 0 Franklin and 0 A Kraus, 34 liquid ammonia readily dissolves 
sodium and potassium bromide. The change m the vap press , p, of normal soln. 
of ammonia containing G mols, of lithium, sodium, or potassium bromide per litre 
at 26° is reduced : 


G 

9 

4 

0 0 

0 8 

1 0 

1*5 

LiBr, p 

m 

m 

. 13 46 

13 43 

12 94 

12 35 mm. 

NaBr, p 


■ 

. 13 46 

13 95 

14 69 

16 10 mm. 

KBr, p 

. 

• 

. 13 46 

14-14 

14 89 

16*70 mm 


Lithium bromide also, like lithium chloride, absorbs considerable amounts of 
ammonia, forming a series of analogous ammmo-oompounds Lithium mo nammin n- 
hromide, LiB r.NHg, is formed by passing ammonia gas over hthium bromide, 
heated above 95°, or else by heating one of the higher ammino-compounds above 
this temp. It forms colourless crystals melting at 97° , it remains liquid at 170°, 
but above this temp it loses all its ammonia. The dissociation press, is 730 mm. 
at 95’ 5°, or 806 mm at 97 5° ; the thermal value of absorption is 13*293 Cals. 
The heat of soln. is 6 857 Cals, Lithium diammino-bromide, LiBr.2NH s , is formed 
between 87° and 95° ; it has a dissociation press, of 655 mm. at 85°, and 847 mm 
at 90 2°. The heat of formation is 25 937 Cals , and the heat ©f absorption for the 
last mol. of ammonia is 12 64 Cals The heat of soln. is 3*013 Cals. Lithium 
triairmaino-bromide, LiBr 3NH 3 , is formed between 71 '5° and 87° , its dissociation 
press, is 636 mm at 67°, and 807 mm at 71 8°. 8B The heat of formation is 37 63 Cals , 
and the heat of absorption for the last mol of ammonia is 11 53 Cals The heat 
of soln. is 0*287 Cal Lithium tetrammino-bromide, LiBr 4NH 8 , is formed as a 
white, voluminous powder at —18° , its dissociation press, at 56° is 681 mm , 
and at 58*25° — -E. Ephraim gives 53*8° — 760 mm. The heat of formation is 48 098 
Cals , the heat of absorption for the last molecule of ammonia is 10 64 Cals The 
heat of soln is — 1*548 Cals. 

The chemical properties of the alkali bromides. — According to A. Potihtzm, 86 
potassium bromide at a red heat is but slightly attacked by oxygen , but as 
H. Schulze has shown, the attack is more vigorous if acid anhydrides — P 2 0 5 , S0 8 , 
etc —be also present. A. Gorgeu showed that potassium bromide is decomposed 
rather more easily than the chloride when fused with clay or with silica, although 
the attack by boric oxide or silica is not vigorous Potassium bxomate, says 
O. Henry, is formed when the bromide is fused with the chlorate According to 
W Remige, when a soln of potassium permanganate and potassium bromide is 
boiled, there is very little action, but if sulphuric acid be present, some bromine 
is evolved. The action of sulphuric acid has been previously discussed m con- 
nection with the preparation of hydrogen bromide by the action of this acid on the 
alkali bromide According to H. L. Snap e, 37 oarbon tetrachloride and phosphorus 
trichloride have no action on potassium bromide, while a little potassium chloride 
is formed when the bromide is heated with arsemo trichloride or sulphur mono- 
chlonde H. L, Wheeler prepared hexagonal crystals of compounds of arsemo 
tribromide with caesium and rubidium bromides — e g 3CsBr 2AsBr 3> and 
3RbBT 2AsBr a . 'J. Nickl&s also states that the alkali halides unite with the 
respective bromides of arsenic, antimony, and bismuth. E. Sestini and E. Rudorff 
have studied^ the compounds of arsemous oxide with potassium halides, and they 
made KBr^As^Og, etc The compounds CbBt Ab 2 0 3 and RbBr As 2 0 8 also form 
well-defined hexagonal crystals. Many other double compounds with the metal 
halides have been reported : PL L Wells* 2RbBr 2 .PbBr 8 .JH a O and RbBr 2PbBr 4 
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H L. Wheeler’s 2KBr TeBr 2H 2 0 ; 2RbBr TeBr* ; and 2CsBr.TeBr 4 ; A. Chasse- 
vant’s senes, M01 2 LiCl 3H 2 0, where M denotes an atom of copper, manganese, 
iron, cobalt, or nickel , J. F Aloy’s UC1* 2LiCl 
' A J Balaxd 38 knew that chlorine will displace bromine from the bromides 
when in soln , and the result has been shown to be m conformity with the thermal 
data The reaction is utilized for detecting traces of bromides in the presence of 
chlorides The action does not occur, says F W. K lister, if the chlorine and 
potassium are quite free from moisture Iodine does not displace bromine from 
the bromides, although hydnodio acid evaporated with potassium bromide forms 
potassium iodide and free bromine ; the displacement with hydrochloric acid is 
incomplete and partial. In the absence of water, the attack on potassium bromide 
at a red heat by hydrogen chloride is feeble. Hypochlorous acid decomposes 
potassium bromide, forming bromate, chlonne, and free bromine Dry potassium 
bromide absorbs about twice its volume of hydrogen bromide, forming traces of 
what M. Berthelot 99 regards as a potassium hycLrobiomide, say, KBr.HBr, or 
KHBt 2 M Berthelot found a little hydrogen is evolved when the potassium 
hydrobromide is heated with mercury. The solubility of potassium bromide m 
water is increased by the addition of bromine ; for moderate cone about 0 5 inol 
additional bromide is dissolved for each mol of biomine added to the water. The 
limit of the solvent capacity of the water was not reached at bromine cone of 
more than 2000 grms per litre of soln , for example with a soln. of the com- 
position by weight — water 5 4 per cent , bromide 15 1 per cent , bromine 79 5 
per cent. 

In 1828 C Lowig noticed that a cone soln of potassium bromide dissolves a 
large quantity of bromine, forming a daik-biown liquid The heat of soln. of a 
mol of bromine in the mixture 5(KBr +14H 2 0) is 3 53 Gals , and in 6(KBr+110H 2 O), 
2 7 Cals The soln. can be diluted with water without the separation of bromine, 
but the excess of bromine slowly escapes on exposure to the air or when the soln 
is heated The evidence indicating the formation of a polybromide has already 
been discussed If equimolecular parts of potassium bromide and bromine be left 
some days in a sealed tube, orange- coloured crystals of what M Berthelot regards 
as partially dissociated potassium tribromide, KBr 3 , are formed. The heat of 
formation, says M. Berthelot, is KBr M ] ld +BT 2 h q =KBr s +2*94 Cals ; or 
KBr eO M+Br 2 g a sKBr 3 +10*3 Cals When a mol. of caesium bromide is mixed 
with a gram-atom of bromine, m a soln, containing three parts of water to one part 
of salt, and the whole vigorously heated until the colour of the bromine disappears, 
crystals of caesium tribromide, CsBr 3 , separate from the soln. on cooling P. Ephraim 
found the dissociation press of caesium tribromide to be 66 mm. at 91 '8° ; 387 mm. 
at 131° , 655 mm at 143 5° ; and 760 mm at 147 5° H L. Wells and H L. Wheeler 40 
also prepared rubidium tribromide* RbBT 3 , by a similar process to that employed 
for the caesium salt F Ephraim found its dissociation press to be 87 mm at 63° ; 
412 mm at 93 2° ; 608 mm. at 101 ‘5° , and 760 mm. at 105‘5°. A series of dichloro- 
bromides, MBrCl 2 , and a series of chlorodibromides, MBr 2 Cl, have been prepared 
The m p , temp, ol whitening by decomposition, and the axial ratios of the rhombic 
crystals of the alkali tribronndes, and chlorobromides are indicated m Table XXVI. 


Tabie XXVI — The Abkaxj Tribromides and Cetlorobromides. 


■ 

Mp, 

Decomposition by 
“ whitening " tp'jt 

Anal ratioB a b e 

RbBr a . 

• 


whitens 

140° 

0 0962 : 1 1 1139 

CsBr g • 

• 

• 

o 
O 
OO 
*— 4 

160° 

0 6873 1 * 1 0681 

RbBrCl 2 . 

* 


whitens 

140° 

0 7116 1 * 1 1430 

OBiCl* . 

■ 


206° 

160° 

0 7186:1 1-1237 

RbBraQl . 


• 

76° (?) 

110° 

0 7000 1 : 1*1269 

CsBr Cl . 


s 

191° 

150° 

0 6990 . 1 : — 







588 INORGANIC AND THEORETICAL CHEMISTRY 

P Ephr aim found the dissociation piess. of caesium chlorodibromide, CsBr 2 Cl, is 
15 m at 54° , 317 mm at 104° , 624 mm. at 120° , and 760 mm at 124° Si m ilarly, 
for rubidium chlorodibromide, RbBr 2 Cl, the dissociation press is 30 mm. at 18° ; 
240 mm. at 62° ; 565 mm at 100 1° ; and 760 mm at 105 5°. The dissociation 
press of caesium dichlorobromide, CsBrCl 2 , is 45 mm at 79° , 228 mm at 112° , 
612 mm. at 132 5° ; and 760 mm at 138° The dissociation press of rubidium 
dichlorobromide, RbBrCl 2 , is 20 mm at 17° , 235 mm. at 72*5° , 699 mm at 91 5° , 
and 760 mm at 93°. 

H L Wells and H. L. Wheeler found that when esesram bromide is shaken up 
with a large excess of bro min e there is no separation of the tribromide as is the 
case when the theoretical amount of bromine is used. The colour of the soln is 
lighter than bro min e, and the soln deposits dark-red crystals when evaporated 
spontaneously at 0°. Analyses agree with the formula * caesium pentabromide, 
CsBr B . The crystals are rather unstable. 
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§ 18. Ammonium Bromide 

Ammo nium bromide is formed by the direct union of the two gases , and by 
the neutralization of hydrobiomic acid with ammonia C. E Schonbem 1 made it 
along with the hypobromite (q v ) and bromate, when ammonia is treated with 
bromine wateT until it reacts alkaline — some nitrogen is formed at the same 
time. 

Into a 6 ask containing 220 cc of 30 per cent aqua ammonia cooled by a freezing 
mixture, slowly run 75 c c of bromine from a dropping funnel with its stem drawn out to 
0 P 0111 ^ The liquid should be continuously agitated when the ammonia is being 
added, and it should also remain strongly ammoniac al when all the bromine has been 
introduced. "Warm the mixture to drive off the excess of ammonia, and evaporate until 
the liquid crystallizes The crystals are dried in a porcelain dish over a hot plate. About 
220 grins of the required salt can be so' obtained. 

As with the corresponding chloride ammomiim bromide is also formed in other 
reactions--^. W. Muthmann and E. Seitter found that thiotnthiazyl bromide, 
S 4 N s Br, is largely converted into ammonium bromide when boiled with water! 
J. Knobloch recommended preparing this salt by first making a mixture of ferrous 
and feme bromides by the action of bromine on iron ; then precipitating the iron 
with milk of lime, and decomposing the calcium bromide with ammonium sulphate 
The clear liquor was freed from the soluble calcium sulphate by treatment with 
barium bromide, and the calcium and barium removed by treatment with ammonium 
carbonate. The filtrate was acidified with hydrobromio acid and evaporated 
C. Rice recommended m a king am tuo n in m bromide by double decomposition with “ 
ammonium sulphate. 

The crystals of ammonium bromide agree in all respects with those of ammonium 
chloride. They belong to the cubic system, and the crystals obtained from aq. 
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soln are piobably pentagonal lcositetrahedrons According to A Johnsen 2 and 
J W Retgers, cubes aTe obtained from soln containing urea, chromic chloride, or 
lead chloride or bromide, and trapezohedra with feme chloride A Fock found 
ammoniiim bromide forms a limited range of mixed crystals with potassium bromide 
to 40 per cent of ammonium bromide, 60 per cent potassium bromide, and to 
98 6 per cent ammonium and 1 6 potassium bromide X-radiograms of the form 
of ammonium bromide stable at 20°, by G Bartlett and I Langmuir, show that 
the space lattice is a centred cube with like ions 3 988xKT~ 10 cm apart, and unlike 
ions 3 453 X 10“ 10 cm. apart , while the form stable at 260°, has a simple cubic 
lattice with like ions 4 88 X 10~ 10 cm apart, and unlike 


ions, 3 45X10 -10 cm apart R u. Wallace found 600 r ? — 

that ammonium bromide undergoes a transformation § / 

into a less polymerized form at 109°, analogous to &* 00 o^jUuSr~y^ 
that which occurs with ammonium chloride at 159° ^ _ / 

F E. C. Scheffer obtained a transition between 124° g 200 

and 147° without a catalyst, but with glycerol as a ^ , / | 

catalyst, between 137 3° and 139 5° , no discontinuity Iso 6 /so 6 iotr 

m the vap press p of sat. soln log p=-1926 6r-i TZ 

+6 8302 was observed correspond^ with this tran- on tJl6 Tian3ltloll 

sition pomt The two solubihty curves— the one below ture of Ammonium Bromide. 

the transition pomt log x— — 372 72 1 “ 1 -[-0 31978 , 

and the one above the transition pomt log x =—293 7T- 1 +0 12727, where x 


Ttmpemture 

Fig 30 — Effect of Pressure 
on the Tianaitiop Tempera- 
ture of Ammonium Bromide. 


denotes the mol. fraction of NH^Br — intersect at 137 4° P W. Bridgman gives 
137 8° for the transition temp , and the effect of press on this temp is indicated 
m Pig 30 and Table XXVII. 


Table XXVII — Tee Transition Temperatttri] or Ammonttlm Bromide. 


Proas 

Tiamition 

temp 

Change of vol o o 
pei gram 

Latent heat kgrm - 
metres per giam. 

1 

137 8° 

0 0647 

3 32 

100 

146 0° 

0 0662 

3 28 

600 

181 9° 

0 0659 

3 09 

700 

202 0° 

0 0666 

2 99 


The reported values for the specific gravity 3 of this salt range from 
C H. D Bodeker’s 2 266 (10°) to J S Stas’ 2 456 J M. Eder gave 2*3270 (15°) 
for the crystallized salt, and 2 3394 (15°) for the sublimed salt. W, Blitz has studied 
the mol vol of this salt 

Ammonium bromide volatilizes without fusion or decomposition. Ammonium 
bromide sublimes without giving any bromine ; but the vapour given off at the 
beginning of the sublimation reaots alkaline, and at the end of the operation, acid. 
The vapour density obtained by H St C. Deville and L. Troost 4 is 1*67 at 440°, 
and 1 71 at 860° The theoretical value for complete dissociation is 1*69. As in 
the case of ammonium chloride, the vapour in H St 0. Levdle and L, Troost’e 
experiment was not completely sat with ammonium bromide, and the system was 
’ not m equilibrium A. Smith and R P. Calvert find the dissociation pressure of 
ammonium bromide to be 760 0 mm at 294*6°, and that the observed results can 
be represented by log p= — 2056 541 /T +9 54014 log T — 20 98468 A Smith and 
R. H Lombard find the sat. vapour densities m gnus, per c c ; tbe percentage 
degrees of dissociation , the averaged dissociation constants, K , and the latent 
heat of vaporization of ammo mum bromide from 

T TP( 2057 , 9 540N0 02419 „ . 

L== 766'^i343^ + ~~T~ ) B Cal3 - 
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Dissoc piess. 
Vap density 
Degree dissoc 
Dissoc const K 
Latent heat 


300° 320° 340° 360° 880° 888° 

55 0 100 5 178 8 310 4 525 5 644*4 

, 0*000130 0 000192 0 000348 0 000633 0 00110 0 00142 

16-1 38 7 31 6 21 7 15 3 8 0 

0 000458 0 000497 0 000483 0 000400 0 000236 0 000158 

. 23 6 28 7 27*4 26 1 24 7 24 1 


Consequently, the dissociation constant, K, increases to a maximum at 320°, and 
then decreases. From J H van’t Hoffs equation, d log K/dT=—Q/RTz, this 
means that the term on the right is negative, and therefore Q, the heat of dissocia- 
tion, must be positive above 320°, and dissociation will be accompanied by an 
evolution of heat The heat of dissociation Q=A 0 —CT 2 , and d log R/dT—~A 0 fRT 2 
+C/RT 2 -\-CfR, does not apply over the range where a change in the sign of Q occurs. 
With hydrogen iodide, the heat of dissociation : 2HIv=^I 2 +H2, is exothermal below 
and endothermal above 320° ; with ammonium bromide the heat of dissociation : 
NH^Btv^HBt+NHs, is endothermal below and exothermal above 320°. H Rassow 
gave 541 9° for the melting point of ammonium bromide, and of mixtures of this 
salt with potassium bromide Gr. Bartha gave 235° for the boiling point in vacuo 
The heat o£ formation of ammonium bromide from its elements, bromine liquid, 
is 81*7 Cals according to J Ogier ; 5 65 36 according to J Thomsen , and 71*2 Cals , 
bromine gaseous, according to M. Berbhelot J Thomsen found the heat of the 
reaction : NHg+HBr — NH4B1 -f- 45 03 Cals , and J M Eder found the soln. of 
25 grms. of the salt in 50 grins of water lowers the temp. 16° , and J. Thomsen 
(1877) gives the heat of solution of a mol of the salt m 200 mols. of water — 4*4 Cals 
J. H Long gives —4' 38 Cals S Arrhenius found the heat of neutralization in 
dil aq soln is 12 4 Cals , the specific heat of a 2 6 per cent soln 0*968 at 18°. 

The solubility of ammonium bromide in water has been measured by J M. Eder, 8 
and by A Smith and H E Eastlack — the values of the latter are, in grms. of salt 
peT 100 gnns of water : 

0° 10° 20° 80 ft 40° 00° 80° 100° 

NHBr . * 60*6 68*0 75-5 83*2 * 91*1 107-8 126*0 145*6 


The solubilities were carried up to 170° in a sealed tube, and there is a well-defined 
break m the curve at 137*3° F. E C. Scheffer's equations for the solubility curves 
have been indicated above. The specific gravity 7 at 15° is 1*0326 for 5 per cent, 
soln , 1*0652, 10 per cent , 1 1285, 20 per cent, ; 1*1921, 30 per cent. , and 
1*2920 for 41 09 per cent. soln. A Smith and H E. Eastlack found the sp. gr. of 
sat soln. to be 1 29 at 15° ; 1*66 at 113° ; 1*71 at 137° , and 1*76 at 158°. 
W. W. J. Nicol, and W. H. Perkin give the interpolation formula for soln at 20° — 
wateT unity at 4° — oontammg w per cent, of salt, D=l+0 00506^+0 000045w 2 . 
Soln. of ammonium bromide occupy a greater volume than the sum of the com- 
ponents. 8 Fox example, the observed sp, gr D x , the sp gr D , computed from 
Do =100/ [ (pil D x ) + (pzf D %) } , where and respectively denote the percentage 
amount of salt and water m the soln , and D x and Z) 2 the corresponding sp gr. of 
salt and water. 


Table XXVI IT 


Per cent of 

J) 

A. 

Volume ot 

Expansion. 

100 grmfl ot soln 

Components 

Observed 

Pei cent 

10*81 

1 00265 

1 0669 

88 6687 

87 7401 

0 9286 

1 058 

15 31 ' 

1 09048 

1 0973 

86 5351 

85 5590 

0 9761 

1 141 

21*28 

1*12970 

1 1408 

i 

78 2290 

76*5650 

1 6640 

2 173 
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The data, of which the numbers m the last column are but an abstract, lie on a 
straight hue, showing that the expansion of soln of ammonium bromide is pro- 
portional to the cone ; and smaller than with soln of ammonium chloride According 
to W. Ostwald, if m grams of the salt be dissolved in 2000-m grams of water at 20°, 
the volume of the fluid increases 47 0 c.c per mol {98 grins ). J. Traube calculates 
the mol vol of ammonium bromide in soln. to be 44 3 and 44 8, for 25 0 and 40 428 
per cent, soln when the value for the solid salt is 41 0. 

The relative mol. compressibility of ammonium bromide in 700 mo Is of 
solvent is 0 973, and m 1500 mols of the solvent, 0 951 — vide ammonium iodide. 
W 0 Rontgen and J. Schneider 9 also measured the surface tension of these soln. 
The viscosity of ammonium bromide at 25° decreases from 0 008867 dynes per sq. 
cm. for 0*216i7-soln. to 0*008254 for 2*646JV’-soln , and then increases from this 
minimum to 0 008560 with 4 920Af-soln. The respective sp gr. of these soln. aTe 
1 0121, 1*1414, and 1 2605, The values for l*63I7-soln decrease from 0 0116 at 
10°, to 0 0077 at 30°, to 0 0056 at 50°. The velocity of diffusion of ammonium 
bromide in aq. soln is smaller than that of potassium bromide, and greater than 
b odium bromide 10 

Gr Tammann 11 found the vapour pressure of water is lowered by the soln. of 
ammonium bromide 2*6 mm. for 14*5 grins of salt per 700 grms of water ; 12 8 mm. 
for 60 82 grms. of the salt. L 0 de Coppet found the temp, of maximum density 
of water is lowered 8*7° per mol. per litre. 

0 Reinkober studied the reflexion spectra for ultra-red rays. According to 
J. H Gladstone and W. H Perkm, 12 the molecular refraction, dispersion, and 
magnetic rotation of the ammonium halides aTe : 

Mol. cefraotioa. Mol. dispersion. Mol magnetic rotation. 

NH.C1. . . 22-33 1-52 8 090 

. 28 53 2-49 10 177 

. 39 68 4-88 19 996 

The electrical conductivity A of soln of ammonium bromide 13 at 25° for soln. 
with a mol, of the salt in v litres of water, is : 


v . 

2 

8 

10 

32 

128 

512 

1024 

A . 

. 116*1 

128*6 

127 4 

181*7 

187 9 

141 3 

140 9 

a . 

81*7 

87 7 

90 4 

93*6 

97*9 

100*0 

100*0 


The percentage degrees of ionization a are computed by H C Jones and A. P. West. 
The results agree with S M. Johnston’s determinations of the raising of the b.p. for 
ff-soln., but for higher cone, there are indications of hydrolysis. At ordinary 
temp, the amount of hydrolysis is imperceptible, but at higher temp, the hydrolysis 
is more marked, for example, at the b.p ammonia gas is given off. A. Naumann 
and A. Rucker found the degree of hydrolysis of a SAf-soln, to be 0 03 per cent, 
at the b.p. J. M. Eder 14 found that when a current of arc is passed through the 
aq soln. at 30°, ammonia is given off, and the residual liquid contains free hydro- 
bromic acid. M. le Blanc found the decomposition potential of a normal soln, 
with platinum electrodes to be 1*4 volt, about 0*2 volt smaller than with the corre- 
sponding compound of potassium ox sodium The transport number for the K - 
and NH 4 -ions is almost the same O. Gropp measured the electrical conductivity 
of a liquid and frozen soln. of ammonium bromide. 

Ammo mum bromide dissolves in various organic solvents. Ethyl alcohol at 
15° dissolves 2 97 per cent, of the salt , at 19°, 3 12 per cent. ; and at 78°, 9 50 peT 
cent. Methyl alcohol at 19° dissolves 11*1 per cent. ; and ether (sp. gr. 0*729) 
dissolves 0123 grin, of salt per 100 grms. of Bolvent. G Tammann and W. Hirsch- 
berg have measured the sp. gx. of alcoholic soln. ; and measurements on the lowering 
of the f p. and the electrical conductivities by G Carrara and by H. C. Jones and 

O. L. Lindsay show that the salt is considerably ionized in these soln . — vide alkah 
bromides. Similar remarks apply to Boln. of ammonium bromide in acetone by 

P. Dutoit and A Levier, and in formic add by H. Zannmovich-Tessariii, In the 

vol. n, % Q 


NH.Br 

NH«I 
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latter case, the lowering of the f p , hut not the electrical conductivity, shows that 
the ionization increases to a maximum and then decreases with increasing dilution 
— e g with 1*769N-, 2 629 N-, and 2 893IV-soln , the degrees of ionization by the 
f.p method aie respectively 55, 86, and 73 per cent The electrical conductivity 
of soln of a mm onium bromide in liquid ammonia have been determined by 
H P Cady, 16 and by E C Fra nklin and C A Kraus, and the results show (l) that 
although the mol conductivities are greater than with aq soln , the degree of 
ionization is less because the mobility of the ions is very large , and (ii) the eq 
conductivity falls from 103 8 at —32° to 2 93 at 133° The initial mcrease is ascribed 
to the increased mobility of the ions which is always augmented as the temp rises , 
again, as the solvent approaches its critical state, the ionization decreases, and the 
decrease from the one cause overpowers the mciease from the other cause when the 
temp exceeds 10°. 

Ammonia was found by L. Troost 16 to unite with ammonium bromide, forming 
a series of amm mo -compounds which are analogous with the corresponding a rmnin o- 
compounds of ammonium chloride , and they are formed in the same manner. 
Ammonium amrniuo-bromide, HBr 2NH 3 , is formed when pulverulent ammonium 
bromide is exposed to ammonia gas below 5° The vapour tension is 90 mm at 
— 27° , 350 mm at 0° ; 775 mm . at 14 8° , and 1660 mm at 31° The absorption 
of ammonia may continue until a liquid ammonium triammino-bromide, 
H 4 NBr 3NH S , or HBr 4NH S , which when rapidly cooled to 
about —20°, forms a mass of rhombohedral plates which 
melt at 6° (L Troost), or 8*7° (H W B Roozeboom) 
The dissociation press NHjBr 3NH 8 ^NH 4 Br NH 8 +2NH 3 
is 162 mm at —21° , 577 mm at 0° , 770 mm at 5° , and 
815 at 6 5° The curve AB, Fig- 31, represents the dis- 
sociation press of NH^Br 3NH S , at B } there are two 
possibilities, for the compound may form the monammmo- 
compound, NH^BrNHs, curve BE , and a liquid whose 
empirical composition may be represented by NH 4 Bi wNH 3 , 
wheie x decreases continuously with rise of temp until it 
becomes unity, at the nap of the monammmo- compound 
The curve EB may also pass into the metastable region 
BD At B (6 5°, and 815 mm ) the two solid phases, 
NH 4 Bi NH 3 and NH 4 Br 3NH S , the liquid phase, NE^Br 
4-2 63NH 3 , and gaseous NH S , are m equilibrium The second possibility is repre- 
sented by the curve BC, which represents a system with solid a mmo nium triammino- 
bromide, and a liquid phase NHiBr.wNHg, where n increases with a rise of temp 
until liquid and solid have the same composition, and this state is represented by 
the point C (8 7° and 1140 mm ), the m p of the tnammino-compound The curve 

CG represents a mixture of the tri- and a higher ammino -compound The curve 

BZ represents the equilibrium condition between the two solid phases and a soln 
of NH 4 Br+nNH 3 J Kendall and J G Davidson studied the f p. curve of 
mixtures of ammonia and ammonium bromide , they isolated the triammmo-salt 
with an mp. 13’7°, but obtained no evidence of an h ex am m m o-salt. L Troost 
piepaied crystals of ammonium hexammino-bromide, NH 4 Br 6 NH 3j or HBr 7NH 8 , 
which freezes at — 45°, and melts at — 20° The dissociation press at — 32° is 
54D mm. , at —25*3°, 700 mm. ; at —21*8°, 835 mm , and at —2 8°, 1745 mm 
According to M. Berthelot, 17 ammonium bromide unites with hydrogen bromide, 
forming a compound — possibly ammonium hydrodibromide, NE^Br HBr — which 
in contact with mercury gives off hydrogen Much heat is evolved when a soln 
of 9 8 grins, of ammonium bromide in 13 93 grins of water is treated with 8 39 grins, 
of bromine ^ and on evaporation of the soln , over cone sulphnnc acid, rhombic 
or monoelinic crystals with the colour of potassium dichromate are formed. The^e 
crystals have a composition corresponding with ammonium tnbromide, NB4BT3. 
The compound is formed during the electrolysis of a cone soln of a mmonium bromide 



Fig. 31. — EL W. B 
Hoozeboom's Curves 
for the Ammino -com- 
pounds of Ammonium 
bromide 
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— there is no risk of forming nitrogen bromide analogous to the explosive nitrogen 
chloride formed when a soln of ammonium chloride is treated m the same manner. 
Ammonium tnbromide at ordinary temp, loses bromine : NH 4 BT 3 =KH 4 Bx+Br 2 
when exposed to the air for one or two hours ; and the loss is rapid at 50°. F Ephraim 
gives for the dissociation press 9 20 mm at 17° , 159 mm at 60 4° , 475 mm. at 
84 2° ; and 670 mm at 92 3° Ammonium tribromide is easily soluble m water, 
and the soln. smells strongly of bromine. The bro min e oan be removed from 
the soln by a stream of air, by extraction with chloroform, or carbon disulphide 
H. W. B. Boozeboom 18 also found evidence of the formation of a higher poly- 
bromide — possibly ammonium pentabronude, NHaBrg — from the heat developed 
by the action of bromine on the tnbromide, but the compound was not isolated. 
C L Jackson and I. H Derby reported that ferrous hexammino-iodide, Fel 2 6NH S , 
absorbed large quantities of bromine to form a reddish-brown powder soluble 
m ether. When the ethereal soln is evaporated, ammonium bromoiodide. 
NKjBrg, remains as a lustrous green powder — blood-red in transmitted light, and 
green in reflected light. The same compound is formed by the action of an ethereal 
soln. of iodine bromide on ammonium bromide It readily decomposes on exposure 
to the air, forming, it is said, ammonium bromide F Ephraim found the dis- 
sociation press of NHtfJBrg to be 65 mm at 107° ; 204 mm. at 134° , 465 nun, at 
1654° ; and 40 mm at 161°. Similarly for ammonium chlorodibromide, NB^ClBr 2 , 
the dissociation press, is 70 mm. at 18*5° ; 310 mm at 41 '5° ; 608 mm at 54° ; 
and 680 mm at 55 8°. 
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§ 19. The Alkali Iodides 

The history o£ the iodides dates from the time of J. L. Gay Lussac’s discovery 1 
of hydnodio acid m 1813. Iodides occur in sea-water, and in the waters of many 
natural springs and hrmes Iodides also occur in varcc; m the nitre beds of 
South America ; and in many natural phosphates In whatever form iodine occurs 
in these substances, it is usual to extract this element as iodine, and subsequently to 
convert this into the iodide — generally potassium iodide Potassium iodide is 
used in analytical and photographical work, and medicinally for the treatment of 
scrofulous, rheumatic, and syphilitio diseases Sodium iodide is used as a pre- 
cipitant for gold and silver in the treatment of weak copper ores from Tharsis, etc. 

The preparation 0 ! the alkali iodides.— Y. Merz and W. Weith 2 found that 
metallic sodium may he melted with iodine without any marked interaction, even 
at 350°-360° there is but a superficial change. Similar results were obtained with 
bromine. Potassium, however, unites with iodine under the influence of a slight 
press., and with iodine vapour union is attended by the evolution of heat and 
light. Iodine vapour also drives some oxygen from red-hot potassium hydroxide. 

The alkali iodides were first made by J. L Gay Lussao,® in 1813, by the action 
of an aq. soln of hydxiodic acid on potassium hydroxide, or carbonate, and the 
cono. of the soln. to the crystallizing point by evaporation. The process with 
hydriodic acid is expensive, but it is the most direct, and it gives a pure product 
It is therefore preferred for the rarer alkali iodides. 

The alkali iodides can also be made by dissolving iodine in the alkali hydroxide 
to form a mixture of iodide and iodate : 6K0H+3I 2 =5KJ+KI03+3H 2 0 The 
soln. is evaporated to dryness, and calcined in glass, porcelain, fireclay, or cast-iron 
vessels up to the point' at which oxygen ceases to he evolved 4 The residue is 
leached with water, and the soln evaporated to the crystallization temp. If large 
masses of soln. are evaporated slowly, very fine crystals are produced. The crystals 
are dried on hot plates m a current of air There is a slight loss of iodine by decrepi- 
tation and volatilization during the evaporation and calcination. The reduction 
of the iodate is facilitated by mixing powdered charcoal 5 with the cone, soln., 
and after the evaporation to dryness, and calcination, extracting the mass with 
water, and proceeding with the soln. as before. The preparation of iodide by the 
potash process is recommended by the British Pharmacopoeia. The potash-lye 



THE ALKALI METALS 


597 


ought to have a high punty since most of the impurities in commercial potassium 
hydroxide remain with the iodide and are not separated by reorystallisation. A 
Btart is therefore made from commercial but highly purified potassium carbonate ; 
this is causticized with lime, and then treated with iodine G F Mohr recommended 
sugar or starch m place of charcoal, and also suggested the use of ferrous iodide 
for reducing the iodate. E Turner reduced the iodate with hydrogen sulphide 
and filtered ofi the dissolved sulphur. R Schindler condemns E. Turner’s recom- 
mendation, for he says that some iodine is lost with the sulphur, and the final 
product is contaminated with sulphur P. Chiappe and 0. Malissi recommended 
reducing the iodate with iron filings , and J N. von Fuchs heated an intimate 
mixture of iodine (100), water (240), potassium carbonate (75), and iron (30) until 
the evolution of carbon dioxide bad ceased The dried product was calcined at a 
dull red-heat, and the iodide extracted with water. 

The iodine can be first converted mto a metal iodide and the product treated 
with a potassium salt — eg potassium carbonate, sulphate, or hydroxide — to pre- 
cipitate the heavy metal. The soln of potassium iodide so formed is then evaporated 
in the usual way J. von Liebig 6 converted the iodine mto barium iodide by 
adding baryta water to a warm soln made by addmg iodine to warm water in which 
red phosphorus is suspended. Barium phosphate precipitates, and a soln of 
barium iodide is formed J. R Wagner added iodine to a shp made of barium 
sulphite and hydroxide J. von Liebig, and M Pettenkofer used lime in place of 
baryta. A. le Royer and J. B A. Dumas made zinc iodide by the joint action of 
iodine, water, and zinc , and precipitated the zinc as carbonate by potassium 
carbonate 0 Langbein treated the lodiferous mother liquors from the Chili 
saltpetre works with a oopper salt, and after washing the precipitated cuprous 
iodide, treated the cuprous iodide suspended in water with hydrogen sulphide. 
The resulting hydnodlo acid was neutralized with potassium oarbonate, and 
evaporated for crystallization. Any sulphur which separates during the evaporation 
is removed. GL S. S6rull as prepared antimony iodide by heating an intimate 
mixture of the two elements The powdered iodide was decomposed by hot water 
whereby a soln of hydriodio acid and a precipitate of antimony oxyiodide was 
formed The clear liquor was neutralized with potassium carbonate, and the 
Boln of potassium iodide evaporated to crystallization A. CaiUiot, S. Baup, 
J. von Liebig, and others prepared ferrous iodide by the pint action of iodine, iron, 
and wates> and decomposed the product by treatment with potassium carbonate 
This is the principle of the present-day pTooess foT the manufacture of this salt, 
and the process is illustrated by the following method of preparation 

Shake about 8 grms of iron filings with 50 c.o. of water m a small flask and gradually 
add- 25 grms of iodine m small quantities at a time while keeping the mixture cool. The 
mixture is then warmed, and when all the iodine has reacted with the iron the soln. of 
ferrous iodide has a deep yellow colour Decant the liquid from the excess of iron, wash 
with a little water, and add 5 grms more of iodine so as to oxidize the ferrous salt and 
subsequently furnish a precipitate which filters easily Warm the soln until all the iodine 
is dissolved, and pour the mixture of ferrous and feme iodide mto a boiling soln of 17 grms. 
of potassium carbonate m 50 co of water Carbon dioxide is copiously evolved, and a 
mixture of feme and ferrous hydroxides is formed which makes the mixture very thick, 
but on further heating the precipitate coagulates If a little of the filtered soln. is nob 
colourless, more potassium carbonate is required Evaporate the filtrate until crystalliza- 
tion begins, and allow the soln. subsequently to evaporate slowly by placing it in a warm 

E lace. Dram the crystals in a funnel, wash with a very little cold water, and the mother 
quid maybe further evaporated for another crop of crystals. In all, from 25 to 36 grms. of 
potassium iodide can be so obtained. 

J. von Liebig’s modification avoids the slow soln. of iodine, and the troublesome 
frothing by the escape of carbon dioxide m the later stages of the reaction A 
soln of 1*2 parts of iodine, 3 of iron, and 32 of w'ater is mixed with a soln of 6 parts 
of iodine in 12 parts of potash-lye of sp gr. 1*345, and finally with 9 parts of the 
same liquid. The mixture is boiled, filtered, and evaporated to dryness. The 
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soluble iodide is leached from the insoluble feme oxide, and crystallized The 
pioduct is free from lodate, and the yield is good 0. Hesse converted the iron 
iodide into calcium iodide by treatment with milk of lime, and then treated the 
boiling soln with potassium sulphate, and allowed the mixture to stand for six 
hours. The clear liquid was evaporated to crystallization 

G. Taddei 7 prepared potassium iodide by adding a dil soln of potassium 
monosulphide to an alcoholic soln. of iodine In place of potassium sulphide, 
J von Liebig and C Wittstock used barium sulphide, prepared by calcining sulphate 
with coke According to R Schindler, the products obtained by the sulphide 
process are contam in ated with sulphur compounds G. S S6rullas treated potassium 
antimomate (prepared by calcining tartar emetic) with an alcoholic soln of iodine 
as long as the soln was decolorized. The filtered soln. was evaporated to the 
point of crystallization. 

Potassium iodide can also be obtained from the aq extract of kelp or from the 
mother liquid remaining after the separation of sodium chloride and potassium 
sulphate from sea- water by evaporation. In E Allary and J Pellieux 5 process, s 
the liquid is evaporated to dryness and roasted in a speoial furnace so as to avoid a 
loss of iodine The product is fractionally extracted with cold water, when a soln 
is obtained which on evaporation gives a residue with 50 per cent, of alkali iodide. 
This product is extracted in a special digester with 50 per cent, alcohol. The solvent 
dissolves little more than the iodides The alcohol is distilled off, and on evapora- 
tion a residue containing about 34 per cent of potassium iodide, and 66 per cent, 
of sodium iodide is obtained To convert the latter into potassium iodide, the 
proper quantity of a soln of potassium carbonate is added and carbon dioxide 
passed into the liquid whereby sodium bicarbonate is precipitated The pre- 
cipitate is separated by a filter press, and the small amount of sodium bicarbonate 
remaining in the soln. is separated by the addition of a little hydrochloric aoid 
and the sodium chloride and potassium iodide separated by fractional crystalliza- 
tion. In E Sonstadt’s process, the mother liquid is treated with chlorine mixed 
with potassium chlorate ox permanganate so as to oonvert the iodine into lodate 
A soln. of a banum salt is added, and the barium lodate treated with potassium 
sulphate. Barium sulphate is precipitated, and the soln of potassium lodate is 
evaporated to dryness and calcined to convert the lodate to iodide. The latter is 
purified by crystallization 

The impurities oi potassium iodide. — The potassium iodide used for medical 
purposes should contain no lodate since this salt is poisonous , it should not there- 
fore be compounded with anything hable to form an lodate — e g. potassium chlorate. 
J. Lepage recommended purifying potassium iodide by digesting 4 grins with 55 
grms of 92 per cent alcohol, and after standing 24 hrs. most of the imp urities will 
remain undissolved Most of the likely impurities are easily detected The 
presence of lodate is detected by adding tarfcanc acid which liberates hydnodic acid 
from the iodide and this reacts with lodate hbeiatmg iodine The addition of a 
little starch paste with the tarfcanc acid shows up the iodine as blue starch iodide 9 
H N. Morse and W. M. Burton removed iodates by boiling a soln. of the iodide 
with zmo amalgam prepared by agitating zme dust with mercury in the presence 
of tartaric acid, and subsequently washing with water. The filtrate is free from 
zinc, mercury, and iodates E. Schermg has reported the presence of lead m 
commercial potassium iodide C. Daudt reported sulphites ; and E A Eluc kig er 
cyanides derived from the cyanogen impurity of iodine. R Schindler* found 
sulpho-orgama substances, derived possibly from the use of alcohol and hydrogen 
sulphide m some obsolete processes of preparation. Potassium iodide should not 
lose weight on drying owing to the loss of water The presence of sulphates is shown 
by the soln. giving a precipitate insoluble m nitric acid when treated with barium 
chloride. The presence of a trace of carbonate is shown by a cloudiness or turbidity 
with lime or baryta water, soluble in nitric acid. If an appreciable quantity of 
carbonate be present, the salt will have an alkaline reaction, it will be deliquescent, 
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and it will not dissolve in six parts of cold alcohol of sp gr 0*85. According to 
C Memecke, carbonates can be removed by shaking the boIh. with zinc iodide, 
and filtering from the precipitated zinc oxide. The presence of chlondes is shown 
by precipitation with silver nitrate, and agitation with ammonia The ammonia cal 
soln should give no precipitate with mtno acid The potassium iodide of commerce 
nearly always contains some sodium or potassium chloride — a good commercial 
sample is reported with 0*2 per cent of potassium chloride, 99 5 of potassium 
iodide, and the remainder water 

The properties of the alkali iodides. — The alkali iodides all crystallize in well- 
defined cubic crystals frequently m tiermes According to K Wamngton, 10 when 
deposited from alcoholic soln., potassium iodide is deposited m long needle-like 
crystals ; opaque crystals are obtained if deposited from hot soln , or from soln. 
containing potassium carbonate. J. W Ketgers found that cubic crystals aT© 
obtamed with soln containing a little urea ; chromic or ferric chloride , or lead 
chloride. H Schwendenwein discussed the space lattice of the alkali iodides. 
E. Fajans and E E. Herzfeld estimated the distances apart of the atoms in the 
space lattices of sodium, potassium, and rubidium iodides to be respectively 
3*231x10“ 8 , 3 527xl0~ 8 , and 3 672x10“ 8 cm, and the respective lattice 
energies to be 116 7, 139 1, and 135*8 Cals per mol E. Newbery and H Lupton 11 
found that potassium iodide is coloured brown by exposure to radium emanation, 
but no trace of free iodine can be detected when the crystal is dissolved in water. 
The crystals glow with a bluish light during the exposure M Trautz 12 obtained 
a glow of light on precipitating hot sodium or potassium alcoholate with hydxiodic 
acid , hut he Bays it is not due to crystalloluminescence hut rathex to the action 
of alcohol on iodine E. E Farnau obtamed a faint glow on precipitating potas- 
sium iodide with alcohol, and H. B Weiser verified this observation and obtained 
good results at 25° by precipitation with hydnodic acid of sp gr. 1*595. 
E. E, Eamau claimed to have obtained crystalloluminescence with sodium iodide, 
but H. B. Weiser obtamed negative results. 

The specific gravity of lithium iodide is 3 185 (23°), according to F. W Clarke 18 
For sodium iodide, P. A Eavre and C. A Valson give the sp. gr 3 654. The older 
determmations of the sp gr of potassium iodide, range from the 2*850 of H SckifJ 
to C. J B . Karsten’s, 2 908 ; H Buignet’s, 2 970 , J. Y. Buchanan’s, 3 043 (23*4°) ; 
E Filhol’s, 3 056 ; L. Playfair and J. P Joule’s, 3 048 to 3 070 ; H 9.1. Schroder’s, 
3 077 to 3 083 ; P. E G Boullay’s, 3 104 ; W Spnng’B (fused), 3*012 (20°), and 
after subjection to a press of 20,000 atm., 3*110 (22°), and after a repetition of the 
compression, 3 112 (20°) ; B. Gossner gives 3*124 , J. A. Craw, 3*091 ; and 
M SprockhofE, 3*131. G. Quincke gives 3 076 for the sp. gr. of potassium iodide 
at 0°, and 2 497 at the m p. For rubidium iodide, C. Setterberg gives 3 567 , and 
M Sprockhoff, 3*131. G Quincke gives 3 076 for the sp. gr. of potassium iodide 
at 0°, and 2 497 at the m p For rubidium iodide, 0 Setterberg gives 3 567 ; and 
M. Sprockhoff, 3*564. For csesium iodide, C. SetterbeTg gives 4 537 ; and M Sprock- 
hoff, 4 539 G P. Baxter and C. C Wallace’s data may be regarded as embodying 
the best representative values for the salts named : 


Temp. 


Lll 

TToI 

K1 

Bbl 

Cal 

70 19° 

0 

. 4 038 

— 

— 

— 

4 480 

60 04° 


. 4 048 

3 653 

3-114 

3 542 

4*493 

26 00° 


• 4 001 

3 665 

3*123 

3 550 

4 509 

0° . 

. 

. 4 074 

3 677 

3*133 

3 560 

4 525 


Some volume relations, mol vol , and sp, gr. of the molten halide salts have been 
indicated previously J. M Jager 14 gives for the sp gr. B of the molten sodium 
iodide at 8 0 (water at 4° unity), Z>=2*698— 0 001061(0—700) , potassium iodide, 
D = 2 431—0*001022(0—700) ; rubidium iodide, jD=2 798—0 001107(0—700) ; and 
caesium iodide, Z)= 3 175 — 0*001222(0 — 640). K, Fajann and H Grimm studied 
the mol vol of the alkali iodides G. Quincke’s value for the capillary constant 
of molten potassium iodide is a 2 — 4 84 ; and the surface tension, 59 3 dynes per 
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cm J. M Jager gives the values indicated m Table XXIX, for the sp. gr the 
surface tension (ergs per cm ), and the mol surface energy (ergs per sq om ) of 
the molten iodides. 


Table xxtx — Specific Gravities and Surface Tensions of the Alkali Iodides 




Temp 



Surface 

tension 

Sp- gr. 

Mol surface 
energy. 

Temp, coefif 
per degree 

Nal< 

705 5* 




85 6 

2 '692 

1248*2 

0*29 





77 6 

2 527 

1180 4 

0 63 

EC j 

r737° 




75 2 

2 392 

1269 8 

1 58 

873° 




66 5 

2 225 

1169 6 

0 67 

Kblj 

« T 1 

873-4=° 




79 4 

2 827 

1413 7 

0 95 

WiTjrjWjjJ 




55 4 

73*1 

2'448 

3 168 

1085 7 
1382*5 

0 96 

0 82 

Csl j 

m 



• 

51'1 

2*699 

1073 0 

i 

0 82 


T. W. Richards and G. Jones* value for the compressibility of sodium iodide is 
6*9 XlO” 6 megabars, and of potassium iodide, 8 6 XlO -6 megabars Eor the effect 
of press, on the sp. gr. of a potassium iodide, vide the alkali chlorides. 

The melting point of anhydrous lithium iodide is 430°, according to W. Ramsay 
and N. Eumoifopoulos, 15 446° ±3 5° according to T Carnelley, and 440° according 
to Gk Scarpa The first named also give 663° for the m p of sodium iodide ; 

V. Meyer and W. Riddle give 661*4° ; N S Kurnakoff and S E. Schemtsohuschny 
give 660° ; G. Scarpa gives 665° ; H. Brand gives 653° , J. McCrae gives 695° , O. Ruff 
and W. Plato give 660°; and K. Hiittner and G. Tammann give 650°. Eor 
potassium iodide, Y. Meyer and W. Riddle give 684*7° ; J. McCrae gives 723° , 
Gr. Scarpa gives 695° ; N. S Kurnakoff and S E. Schemtsohuschny give 693° , 
H. Rassowgave 684 1° ; 0. Ruff and W. Plato give 705° , H. Brand gives 678°; 
and K. Hiittner and G Tammann give 680° Eor rubidium iodide, Y Meyer and 

W. Riddle give 641*5° ; and T. Carnelley, 642°. Eor cEesium iodide, V. Meyer and 
W. Riddle give 621° Consequently, the melting 'point of the alkali halides with any 
particular halogen decreases with increasing atomic weight of the alkali metal from 
sodium to c cesium, and the melting point of the lithium salt is less than that of the 
sodium salt . Thus, the best representative values from some divergent data are : 



Id 

Na 

K 

Rb 

Cs 


Chlorides . 

. 613° 

801° 

773° 

714=° 

645° 


Bromides . 

. 647° 

760° 

730“ 

686° 

— 


Iodides 

. 446° 

752° 

698° 

642° 

621° 



Hence, also, the melting point of the halide of any particular alkali metal decreases 
wah increasing atomic weight of the halogen , G. Scarpa found that the binary system 
lithium hydroxide and iodide gives a eutectic at 180° with 45 mols. per cent of the 
hydroxide ; a break at 410° corresponds with the formation of unstable lithium 
tetrahydroxyiodide, 4LiOH Lil ; the system sodium hydroxide and iodide gives a 
decomposable compound — probably sodium djhydxoxy-tn-iodide, 2NaOH.3NaI ; 
the binary system of potassium hydroxide and iodide gives a simple eutectic at 250° 
with 73 mols per cent, of KOH, The general results with the alkali hydroxides 
and the corresponding halides of the same metal show that the tendency to forai 
compounds increases on passing from potassium to lithium, or with the decreasing 
electaro -affinity of the ions. The general results are summarized * 

Fluorides, Chlorides Bromides, Iodides 

LiOH . . . SS 2LiOH 3 Lid 3LiOHLiBr 4LiOH Lil 

NaOH • . . SS SS V 2NaOH 33STaI 

KOH . . . S SS V V 

where V denotes a simple eutectic, S the formation of mixed crystals m any pro- 
portion, and SS the formation of mixed crystals with a break. L. H. Borgstrom 







THE ALKALI METALS 


601 


gives 1350° for the boiling point of sodium iodide, and 1420° for potassi um iodide ; 
and G. Bartha respectively 610° and 570° m the cathode light. 

According to B. Schindler, 16 potassium iodide volatilizes in free air when heated 
to the softening temp of hard glass, and, according to B Bunsen, and T. IL Horton 
and D. M Both, it volatilizes from 0*352 to 0*423 times as fast as the same quantity 
of sodium chloride when heated m the hottest part of a Bunsen’s flame According 
to J. Dewar and A Scott, 17 the vapour density of potassium iodide is 169 8. 
A von Weinberg obtained 43*3 Cals for the heat of sublimation of sodium iodide, 
and 44 9 Cals, for that of potassium iodide ; and A. Beis obtained for sodium and 
potassium iodides respectively 51 and 46 Cals., and between 15 and 35 Cals, for 
lithium iodide 

The specific heat of sodium iodide is 0 0881 between 26° and 50° according to 
J. H Sehuller, 18 and, according to H V Begnault, 0 0868 between 16° and 99° ; 
and for potassium iodide, 0 0819. J. N. Bronsted gives for the sp. ht. of the alkali 
iodides between 0° and 20° : 

Nal K1 Ubl Csl 

Sp ht ... 00821 0*0741 0*0581 00477 

Mol ht. 12 31 22 30 12 34 12 39 

E. KoTef obtained for the sp ht. and mol. ht. of sodium iodide between —191*8° 
and —81 3°, respectively 0 0740 and 11 10 , and between 0° and — 76 4°, 0*1170 
and 12 04. Similarly for potassium iodide between —191 0° and —80 1°, respec- 
tively 0 673 and 11 17 , and between 0° and —77 1°, 0*735 and 12 21 A Bodisco 10 
givesthe heat of formation of lithium iodide from its elements Ia+I gte =LJ so ud+68 0 
Cals , 82 8 Cals. ; for sodium bromide, 69 08 Cals ; foi potassium iodide, 84*1 
Oals (M Berthelot), 80 13 Cals (J Thomsen) ; and, according to N. N. Beketoft, 
for caesium iodide, 86 564 Cals A. von Weinberg gave 129*0 Cals for the heat of 
dissociation of lithium iodide , 120*9 Cals for that of sodium iodide ; 126 6 Cals, 
for potassium iodide ; 127*9 Cals for rubidium iodide ; and 129*8 Cals for csesium 
iodide. The heat of neutralization, NaOH a q+HI aq =13 68 Cals ; K0H aq +HI ag 
=13*68 Cals The heat of solution of lithium iodide is 14 8 Cals ; sodium 
iodide, 1*30 Cal. (M Berthelot), 1 22 Cal (J Thomsen) ; potassium iodide, 
—5 11 Cals (J Thomsen), —5 32 Cals. (M Berthelot), and M Berthelot and 
L. Ilosvay de Nagy Ilosva give for the heat of Boln of a mol of potassium iodide 
in 200 mols, of water at a temp. 0 as —518+36(0—15) Cals. The heat 
of soln of csesium iodide is —8 164 Cals , according to N. N Beketoff. The heat 
of hydration : NaI+2H 2 0=NaI.2H 2 0+5*23 to 5*30 Cals 

The alkali iodides are very soluble m water ; the solubilities of lithium, sodium, 
and potassium iodides m 100 grms of water are as follows : 




0° 

10° 

20° 

40° 

60° 

80“ 

100* 

Lil . 


. 151 

167 

166 

171 

202 

263 (76°) 

1 — 

Nal . 


. 158 7 

168 6 

178 7 

205 

266*8 

296 (80°) 

302 

IQ . 

, 

. 127*6 

136 

144 

160 

176 

192 (80°) 

208 


The values for lithium iodide are by P. Kremcrs , the others are by P KremerB 
(1856), A iStard, and L, C. de Coppet 20 The solid phase for sodium iodide from 
148 at —20° to 293 at 65° is the dihydrated salts, above this temp, anhydrous 
sodium iodide is the solid phase, at 120° the solubility is 310, and at 140°, 321. 
L 0. de Coppet gives the interpolation formula for the solubility £ of sodium 
iodide, from 65° to 140°, in 100 grms. of water : £=264*19+0 39780 ; and A Etard 
for 0° to 80°, per 100 grms. of soln. £=61*3+0 17120, and from 80° to 160°, 
£=75+0 02580 The values for potassium iodide are by L C. de Coppet, A. iStard, 
W A Tilden and W A. Shenstone, E. A. H. Schreinemaker, and A Meusser. The 
solid phase with potassium iodide is the anhydrous salt, at —10° the solubility is 
115*1 ; at —5°, 119 8 ; at 110°, 215 ; and at 120°, 223, L. 0. de Coppet gives 
the interpolation formula for the solubility S of potassium iodide at 0° from — 22° 
to 120°, per 100 grms. of water : £=126*23+0*80880 ; and A. ifctaTd from 0° to 
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165°, per 100 grms of soln. £=55 8+O'1220 According to T. Reissig, 100 grma. 
of water at 6*9° dissolve 137 5 grms of rubidium iodide, and at 17 4°, 152 0 grms. 
H W Foote gives the solubility of csesium iodide at —4° as 27 68 per cent , at 35 6°, 
51 48 per cent , and N. N. BeketofE says 100 parts of water at 0° dissolve 44 parts 
of caesium iodide , at 14°, 56 3 parts , and at 61°, 160 parts Lithium iodide forms 
at least three hydrates 21 At temp below 75°, trihydrated lithium iodide, Lil 3H 2 0, 
appears to be the stable form This hydrate forms deliquescent needle-like crystals 
which L Troost supposes to be monoclimc crystals This hydrate melts at 72° or 
73° It is not altered over sulphuric acid at 0° , and it crystallizes unchanged from 
hydriodic acid or from alcohol It loses water at 120°, and boils at 200° The 
transformation points have not been precisely determined, the trihydrated salt 
melts at 73° without losing water, and near this temp it passes into dihydrated 
lithium iodide, Lil 2H 2 0 , and this at about 80° forms monohydrated lithium 
iodide, Lil H 2 0, which," at about 300°, forms the anhydrous salt Consequently, 
with these approximations, the transition points of the hydrated hthium halides are : 

9-H gf) H a O 

LiC13H a O —16° 215° 98° LiCl 

LiBr3HjO 3*5° 44° 159° LiBr 

Ial 3H a O 75° 80° 300° Ial 

The hydrates of sodium iodide 22 resemble those of sodium bromide Dihydrated 
sodium iodide, NaI.2H 2 0, is stable over the range —13 5° to 65° , at the latter 



Fig. 32 — Equilibrium 
Curves of Sodium Iodide 
and Water. 



Fig. 33 — Solubility Curves 
of the Potassium Halides 


temp , the dihydrated salt and anhydrous sodium iodide are stable ; and the 
former temp, is a transition point between pentahydrated sodium iodide, NaI.5H 2 0, 
and the dihydrated salt These facts are summarized m Fig 32 Accor ding to 
W Meyerhofier, the eutectic temp, between the pentahydrated salt and ice is 
—31*5°. Potassium iodide forms no hydrates, and, according to F Guthrie, 23 
the eutectic temp is — 22° with soln of 108 5 grms of iodide m 100 gTms of water ; 
R. Kremann and F. Kerschbaum give — 23 1° with 109*2 grms of the iodide m 
100 grms. of water. The eutectic temp are respectively —11°, —13°, and —23° 
H W. Foote’s value for the eutectic with ice and ceesrum iodide is — 4°, with 38*3 
grms of Csl in 100 grms of water. The solubility curves of potassium chloride, 
bromide, and iodide in water are shown in Fig. 33. R. Abegg and A. Hamburger 
give for the solubilities of the alkali iodides at room temp, : 

M Hal KL Bbl Osl 

12 0 11*6 8 4 4 7 1 2 7 

mols per litre 

TJie specific gravities of soln containing n grms of the alkali halide per 100 
grms : 


N 

5 

10 

20 

30 

40 

60 

60 

Lil (16 6°) . 

- 1 038 

1 079 

1-172 

1 280 

1 414 

1*676 

1 777 

Nal (16°) . 

. 1 040 

1 082 

1 178 

1 294 

1 432 

1 600 

1 810 

K1 (16 5°) . 

. 1 038 

1 078 

1-060 

1 271 

1*396 

1*646 

1 734 
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A soln. of lithium iodide sat at 20° has a sp. gr 18. The values for lithium, 
sodium, and potassium iodides are by P Kcemers and G T. Q-erlach 24 F. Kohl- 
Tauseh has also measured the values for the sodium salt ; and H Schiff for the 
potassium salt at 21° P Kiemers has calculated the volume changes which occur 
in these soln between 0° and 100° 6. P Baxter haB measured the sp gr of soln 

of the five alkali iodides, and compared the observed mol. vol of the solids with 
those computed from the at. vol of the elements, and with the mol vol of the 
saJts in soln 

C Forch’s values for the coefficient of thermal expansion of aq soln. of potassium 
iodide per litre, are for soln with 83 grins of salt per litre • 0 000083 (0°-5°) ; 
0 000146 (5°-10°) , and 0 000400 (35°-40°) , for soln with 166 grms of salt per 
litre, the numbers are : 0 000173 (0°-5°) ; 0 000221 (5°-10°) ; and 0 000427 (25°- 
40°) , and for soln with 332 grms per litre, the numbers are : 0 000298 (0°-5°) ; 
0 000323 (5°-10°) ; and 0 000471 (35°-40°) T Reissig says that the sp gr of a 
soln of 0T grm of rubidium iodide per c c is 1 0755 , and 0 05 grm per c c , 1 0353 , 
and H Erdmann gives the sp gr. of a cold sat soln. as 1 726 N N Beketoff 
says the sp gr of a sat soln of csosium iodide at 14° is 1*393. The coeff of 
linear expansion of crystals of potassium iodide, by H. Fizeau, is a=0 000042653 
at 40°. The coefE of cubical expansion of crystals of the alkali halides, determined 
by G. P Baxter and C. C Wallace : 

Nal K3 Bbl ObI 

0° to 25° . . 0*000135 0*000122 0 000112 0 000146 

26° to 50°. . 0 000136 0 000114 0 000092 0*000146 

The coefficients of diffusion of 0 6, 1 9, and 5*4AT-soln of potassium iodide at 
10° is, according to J Schuhmeister, respectively 1*12, 1*25, and 1 45 per sq cm. 
per day 25 S Arrhenius* value fox the viscosity of soln of potassium iodide is 
0 912 at 17 6° — a 'value less than for water. P. Korber has measured the effect of 
press on the viscosities of soln of the alkali bromides as indicated m Table XIV. 
P B Davis has discussed the phenomenal lowering of the viscosity of soln of 
rubidium and caesium iodides in glycerol. T. W. Richards and G. Jones 26 found 
the compressibility coeff. of solid sodium iodide at 20° between 100 and 600 atm , 
to be 7 0xl0~ 6 megabars, and of potassium iodide, 8*7 XlO" 6 megabars. 
W. 0. Rontgen and J. Schneider measured the compressibility of soln of lithium 
and potassium iodides ; M Schumann of sodium iodide ; and H. Gibault, and 
P G Tait, of potassium iodide — vide ammonium iodide. 

According to P Kiemers, the boiling point of a sat. soln. of sodium iodide is 121°, 
andG T Gerlach 27 found that a soln of potassium iodide with 30 grms of potassium 
iodide per 100 grms. of water boiled at 102°, with 134 grms. of potassium iodide 
at 110° ; and with 220 grms. of this salt, at 118 5°, and G. J. Mulder found a sat. 
soln with 222 6 grms of salt in 100 grms of water boiled at 118*4°. The mol. 
raising of the b.p of aq soln containing OT99 mol of sodium iodide per kilogram 
of watei is 0 96° ; and with 1*588 mol. of the same salt, 1 102°. The mol. 
rise m the b p increases with increasing cone , while the ionization hypothesis 
simpliciter requires the converse relation. Hence it is inferred that the salt is 
increasingly hydrated as the cone, of the soln. increases. A. Schlamp 28 found for 
soln with 0 260 mol of potassium iodide per kilogram of water, a mol use of 0*98°, 
and with 6 313 mob , 1 27°. Here again effect of the hydration of the solute is in 
evidence. " According to G. Tammann, 29 the vapour pressure of water at 100° 
is lowered 16 5 mm. by the soln. of 10 05 grms. of sodium iodide in 100 grms. of 
water, and 244 6 grms. of this salt lower the vap. press 535 6 mm '"Analogous 
results were obtained at other press with lithium, sodium, and potassium iodides. 
At 0°, C. Dietenci found the vap press, of a soln with 33*2 grms of potassium iodide 
in 100 grms. of water, to be 4 316 mm., and with 124 5 grms. of the salt, 3*474 mm. 
F. Rudorff found the f.p. of water containing a gram of the dihydrated sodium 
iodide per 100 grms. of water is lowered 0*216° ; and a gram of potassium 
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iodide, 0 212. The mol. lowering of the freezing point of aq soln ™ 0 0759 mola. 
of lithi um iodide in a kilogram of water is 0 275°, and with 0 7480 mols., 3 082°. 
This resembles the results with lithium chloride and bromide, and is taken as 
evidence of the hydration of solute or of ions, or both The mol lowering of the 
f.p. of aq Boln. containing 0*0651 mols of potassium iodide is 3 5°, and with 1*003 
mols., 3-37°. 

The specific heat 31 of Boln. of two eq of sodium iodide in 50, 100, and 200 eq 
of water between 20° and 52°, is respectively 0 8092, 0 8864, and 0 9388 , and for 
potassium iodide, 0 7153, 0 8301, and 0 9063 respectively, and for the same salt 
between 16° and 120°, 0 8760 0 9280, and 0 9596. J. Thomsen found 0*950 to be 
the sp. ht of a soln. of a mol. of potassium iodide m 200 mols. of water at 16°. 

The refractive indices /x of crystals of potassium, rubidium, and caesium iodideB 
have been measured by H. Topsoe and G Christiansen, M. Sprockhoff, and 
H. Erdmann, 32 and the values for the halides of these three alkali metals may be 
summarized. 

Table — The Reeracipivej Indices op Some Alkali Halides 



C-line 

jD-Iine 

£?-lme 


Cl 

Bi 

I 

Cl 

Br 

I 

01 

Br 

1 

Potassium 

Rubidium 

Caesium 

14865 

14903 

1 6377 

1*5648 

1*5483 

1*6924 

1 6593 

1 6397 

1 7784 

1 4896 

1 4936 

1 6418 

1 5596 
1*5528 

1 6984 

1 6674 
1*6474 

1 7876 

1 4976 

1 6016 

1 6523 

1 5716 
1*5646 

1 7126 

1 6880 
1 6672 
1 8118 


O. Render has measured the refractive indices of soln containing w grins of sodium 
and potassium iodide per 100 oo of water at 18° for the different spectral lrnes 
Fox the D-kne, when w=14 954, (/x— /x 0 )/w=O 001410 , and when w=59 816, 
(/i~/zo)/w>==0*001377. Similarly, for soln. of potassium iodide, when w=16*562, 
(/x~^)/t0=O*OO1272 ; and when w= 49 686, (/x— jjlo)/w=0 001237 G P. Baxter 
has made some careful measurements of the refractive indices of soln of lithium, 
sodium, and potassium iodides. M. le Blanc and P. Rohland give the refractive 
index of potassium iodide 1*6666, the sp gr 3*091, and the mol refraction of the 
solid, by Gladstone and Dale’s formula, is therefore 35 80, and by Lorentz and 
Lorenz’s formula, 19*98. Similarly, 9*35 per cent, soln with asp gi 1 0726 have 
the lefraotdve index ju=l*S457 ; and 11 35 per cent. Boln with a sp. gr. 1*3487, 
jx=l*3487. The corresponding values by Gladstone and Dale’s formula are 
respectively 36*38 and 36*55 ; and by Lorentz and Lorenz’s formula 21 22 and 21*28 
respectively, so that the soln of the solid m water increases its mol refraction. 
B. C. Dannien also measured the refractive index of solid potassium iodide, as well 
as in aq. and alcoholic soln. 

W. Ostwald’s values ss for the electrical conductivity A of soln of lithium, 
Bodium, and potassium iodides at 25°, and P. Walden’s Iot Tubidium iodide at 0°, 
for a mol. of the salt in v litres of water, are : 


v 


. 32 

64 

128 

256 

512 

1024 

Lil 


. 103 8 

106*4 

1116 

112 0 

114 0 

114 6 

Nat 


. 112 7 

116 5 

119 7 

122 8 

125*7 

127 0 

KE 


. 137 0 

140 8 

144 3 

147*1 

148 8 

150 0 

Rbl 


. 74 6 

76*5 

78*4 

80 2 

80 6 

82 3 


F. M. Jager and B. Kampa measured the mol. conductivity, /x, of potassium iodide 
at 0 between 691 5° and 814° to be ^=85*41+0 1564(0—700). P. Walden studied 
the relation between the viscosity and conductivity of soln of potassium and sodium 
iodides. F. Eohliausoh has also measured the sp. gr. and specific conductivities of 
Boln of potassium iodide of various cone., and computed the degree of ionization, a. 
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F Kohlrausch and H von Stemwehr find for a 0 0001 iV-soln , a is 99 uerN gflfij 
for 0 OOl-ZV-soln , a=97 8 , for OOLZV-soln., a=94 2 , for 0 liV-soln , a=869, 
and for 1 OW-soln , a— 79 1 per cent The temp, coeff. of the conductivity between 
18° and 52° is, according to S Arrhenius, for 0 001 W-soln , 0 0231 ; for 0 OliV-soln , 
0 0225 ; for 0 liV-soln , 0 0221 , and for 0 52V-soln , 0*0207. For ^iV-soln at 
35°, S Arrhenius computes the heat of ionization to be —916 cals The transport 
number for the amons of 0*05iV-soln. of potassium iodide at 25° is 0 505 , W Hittorf 84 
found 0 511 for 0*7i^- to 2Z^-soln., and 0 492 for 0 O352\f-soln. at 3°. The transport 
number of potassium iodide has been determined by many others J. Kuschel, 
and G. Carrara measured values for hthium iodide ; W. Hittorf, P. Walden, and 
C Dempwolff, for sodium iodide ; B D Steele, P. Walden, and C H. Burgess and 
D L. Chapman, for potassium tri-iodide. 0. Gropp measured the effect of temp 
on the conductivity of solid and frozen soln of sodium iodide For the effect of 
press on the electrical properties, vide alkali chlorides, A. Beis found the free 
energy for the separation of the ions of K1 to be 144 kilogTm. cals per mol. ; for 
Nal, 158 , Lil, 153 ; and for HI, 305 S. W. Serkoff 8& measured the conductivity 
of hthium iodide m methyl alcohol ; P. Walden, of sodium iodide in acetonitrile ; 
P. Dutoit m acetone, benzonitrite, pyridine, acetophenone. J. C Pfulip and 
H. R Courtman, B B. Turner, J BWhler, and P Walden of potassium iodide m 
methyl or ethyl alcohol , J. C Philip and H P. Courtman m mtromethane ; 
P. Dutoit m acetone H. C. Jones, of rubidium iodide in formamide. S. von 
Lasczynsky and S von Gorsky, of potassium and sodium iodides in pyxidme. 
A.Heydweiller found the dielectric constants of powdered and compact potassium 
iodide to he respectively 3*00 and 5*58 

According to K. von Hauer, 86 a Boln. of potassium bromide sat. at 15° deposits 
almost all its bromide when repeatedly heated and cooled with an excess of potassium 
iodide ; and potassium iodide dissolves m a sat. soln of potassium chloride almost 
as copiously as in water A I^tard has measured the mutual solubility of potassium 
bromide and chloride, potassium chloride and iodide, and potassium bromide and iodide, 
and found that the sum of the salts dissolved can usually be represented as a straight 
line when plotted with temp , and the vanishing point where the water has dis- 
appeared, coincides with the mp, of the constituent with the lower mp. The 
solubility of the ternary system : potassium chloride, bromide, and iodide, could 
not be determined as a function of temp, because the three salts cannot exist 
simultaneously in a sat. soln. — the chloride remains undissolved m the presence of 
the other two salts G J Mulder (1864) found that the solubility of potassium iodide 
is diminished in the presence of potassium sulphate. J. N. Bronsted measured the 
solubility of potassium iodide in soln. of potassium hydroxide of different cone 

A. G&rardm 87 measured the solubility of potassium iodide in ethyl alcohol of 
different cone, at 18°. He found 100 grms. of the aq. alcohol dissolved 

Per cent alcohol . 5*2 9 8 23 0 38*0 59*0 86 0 91 0 

Grains KI . 130*5 119*4 100*1 76 9 48 2 114 6*2 

According to P. R-ohland, 100 grms. of methyl alcohol dissolve 16 5 grms. of potassium 
iodide at 20 5° ; ethyl alcohol, 1 75 grms. ; propyl alcohol , 0 46 grm. 100 grms. 
of absolute methyl alcohol at 22*5° dissolve 77’7 grms. of sodium iodide , absolute 
ethyl alcohol, 43 1 grms ; at ordinary temp 100 grms. of methyl alcohol of sp. gr. 
0*799 dissolve 83*3 grms. of sodium iodide ; ethyl alcohol, sp gr. 0 810, 58*8 grms ; 
and propyl alcohol, sp. gr 0*816, 26*3 grms H C. Jones has shown that the mol. 
wt of potassium, sodi um , and ammonium iodides in methyl and ethyl alcohol, by 
the b p method, agree with the assumption that in the former solvent the salts are 
approximately 50 per cent, ionized, and in the latter, 25 per cent The vap. press, 
determinations of these same soln by O. F. Tower and A F, O. German are in 
agreement with H. 0 Jones’ observations 

Glycol At 0° dissolves 31*03 per cent sot potassium iodide, and at 25°, 33 01 per cent., 
and the soln. have the respective sp* gr. 1*3954 and 1*3888. At 15*3° glycol alBo dissolves 
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28 per cent of lithium iodide. Sodium iodide is very soluble in acetone , and 100 grms 
of the solvent dissolve 3 08 grms of sodium iodide at — 2 5° , 2 38 grms at 22° , 2 93 
grms at 25° f and 1 21 grms at 66° , and P. Walden found at 0°, acetone dissolves 2 105 
per cent of potassium iodide, and at 25°, 1 302 per cent — the sp gr of the two soln are 
respectively 0 8227 and 0*7986 , 100 c c of acetone dissolve 0 960 grm of rubidium 
iodide at 0°, and 0 674 grm at 25°. J W. McBain and F C Coleman made an extensive 
study of the properties of soln of &odium bromide m acetone The mol wt is normal , on 
the other hand, with lithium iodide S W Serkov found evidence of the formation of complex 
salts Acetomtnle at 0° dissolves 2*259 per cent of potassium iodide, and at 25°, 2 003 
per cent, and the two soln have the respective sp gr 0 8198 and 0*7938 The same 
solvent at 0° dissolves 22 09 per cent of sodium iodide, and at 25°, 18 43 per cent 100 c c 
of acetomtnle dissolve 1 478 grms of rubidium iodide at 0°, and 1 350 grms at 25° 
Propwnitmle 0° dissolves 0 0429 per cent, of potassium iodide, and at 25°, 0 0404 per cent , 
and the two soln have the respective sp. gr 0 8005 and 0*7821 The same solvent at 
0° dissolves 9 09 per cent of sodium iodide, and 6 23 per cent at 25° 100 cc of pro- 

piomtnle dissolve 0 274 grm, of rubidium iodide at 0°, and 0 305 grm at 25°. Bmzonitnle 
at 25° dissolves 0 0506 per cent of potassium iodide, and the soln has a sp gr 1 0076. 
Nitromethane at 0° dissolves 0 315 per cent of potassium iodide, and at 25°, 0 307 per cent., 
and the respective Bp. gr are 1 1627 and 1 1367, the same solvent at 0° dissolving 0 34 per 
cent of sodium iodide, and at 25°, 0 48 per cent 100 o o of mtromethane at 0° dissolve 
1 219 grms. of lithium iodide, and at 25 , 2 519 grms 100 c o. of mtromethane dissolve 
0 567 grm of mbidium iodide at 0°, and 0 518 grm at 25° 100 o c of furfurol at 26° 

dissolve 45 86 grms of lithium iodide Furfurol dissolves 26 1 per cent, of sodium iodide ; 
and 4 94 per cent of potassium iodide — the last-named soln has a sp gr 1 2014 100 c c 

of furfurol dissolve 4 930 grms of rubidium iodide at 25° Benzaldehyde at 25° dissolves 
0 328 per cent of potassium iodide, and the soln has asp gr 1 0446 Sahcylaidehyde 
at 0° dissolves 1 093 per cent of potassium iodide, and at 25 , 0 483 per cent., and the soln 
have the respective sp gr IT 501 and 1 1373. Antsyldldehyde at 0° dissolves 1 3 55 per cent, 
of potassium iodide, and at 25°, 0 644 per cent , and the soln have the respective sp gr 
1T223 and 1 1180 Methyl cyanoacetate at 0° diiolves 2*827 per cent of potassium iodide, 
and at 25°, 2 165 per cent., and the soln have the respective sp gr 3 256 and 2 459 JSthyl 
cyanoacetate at 25® dissolves 0 0013 grm of potassium iodide per 100 o.c of soln 100 grms 
of glycerol dissolve 40 gnus of potassium iodide at 15 5° Pyndine at 10° dissolves 0 26 per 
cent of potassium iodide, and at 119°, 011 per cent According to M Stuckgold, a litre 
of ethylvrethane , at 60°, dissolves 0 35 mol. of potassium iodide and 0T92 mol of rubidium 
iodide. O Ascii an found that 96 per cent formic acid liberates iodine from sodium iodide 
m the cold, but potassium iodide is stable. 

A few properties of soln. of potassium iodide in water and in absolute methyl 
alcohol have been compared by W Herz and G Anders 88 at 25°, The solubility 
in 'grins per litre are respectively 1029 8 and 132 6 grms , the sp. gr. 1 7204 and 
0*90187 ; the relative viscosities 1 193 and 0*872 ; the specific electrical conduc- 
tivities 0 4812 and 0 0368 , and the eq conductivities 77 6 and 46 1 respectively 
P. Dutoit and A Leviex have measured the electrical conductivities of soln of sodium 
and potassium iodides in acetone ; M G Levi and M. Voghera in pyndine , 
H 0 Jones, 0 G Carroll, and E C. Bmgham the conductivities and viscosities of 
sodium and potassium iodides m various solvents M Centnerszwer found the alkali 
halides do not dissolve m liquid cyanogen, but they do so m liquid hydrogen cyanide 
Soln. of potassium iodide in liquid hydrogen cyanide have nearly four times the 
conductivity of soln of this salt m water, the dielectric constant of this solvent is 
also greater than water, and hence the agreement with J J Thomson and W. Nernst’s 
hypothesis of the cause of ionization. It Lespieau obtained concordant results 
with the f p. method. G. Brum and A. Mamielh have measured the f p. of soln. 

potassium iodide in succinic nitrile and in acetamide , and the results agree with 
the assumption that ionization is complete in acetamide , the electrical conductivity 
is a maximum with a dilution of 30-40 litres per mol, ; and the transport number of 
the anions m this solvent, 0 60, is rather greater than in water 
, P Walden 80 found that soln of potassium iodide in liquid sulphur dioxide 
have an eq. conductivity at 0° of 44 6 reciprocal ohms when a mol is dissolved 
in 15*3 litres ; and of 99 0 in 760 litres — these results are rather smaller than with 
water. Similar results were obtained with sodi um iodide 30 2 with a dilution 
t)=s=18*6, and 35*1 with u=60 The raising of the b p, of soln. of sodi um iodide in 
liquid sulphur dioxide gave almost twice the theoretical value for the mol wt of 
Nal. With an ionized salt, the mol wt. would* be less than the theoretical value. 
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Hence it is inferred tliat the effect of ionization is marked either by polymeri- 
zation : 2 NaL= i Na 2 l 2 , or by the formation of complexes between solute and 
solvent : NaI+ftS0 2 =NaI «S0 2 Sulphur dioxide was found by C. J J Pox to 
be more soluble in soln of sodium or potassium chloride, bromide, and iodide, and 
of rubidium iodide than m water alone , m sodium chloride soln it is less soluble. 
This fact, m conjunction with P Walden’s observations (1899), is taken to mean 
that the iodides of sodium, potassium, and rubidium unite with sulphur dioxide to 
form complex salts, and P Walden and M Centnerszwer isolated a compound 
potassium tetrasulphon-iodide, KI.4S0 2 , in red crystals by cooling a soln. of sulphur 
dioxide m a 20 per cent soln of potassium iodide. The £ p. of sulphur dioxide is 
depressed slightly from —72 7° to a eutectic, and then rises to a maxi, mum at —23 4° 
with about 8 mols per cent. , during this period yellow crystals of a compound, 
potassium tessaradecasulphon-iodide, KI 14S0 2 , are formed. The curve then rapidly 
falls to a second eutectic at about —33°, and rises to a second maximum at 0 26°, 
corresponding with the formation of red crystals of the compound KI 4S0 2 No 
sign of potassium monosulphon-iodide, KI S0 2 , reported by E Pochard, was 
observed on the fp or onthevap. press curve; corresponding complexes, with 
sodium, a mm onium, barium, calcium, and silver, were also reported by E. Pochard 
The name sulphone was suggested for these bodies by P Walden and M. Centnerszwer. 
F Ephraim and I. Kornblum obtained lithium monosulphon-iodide, LiLS0 2 , and 
lithium disulphon-iodide, Lil 280 s , the former at 0°, the latter at lower temp , 
he also obtained red sodium disulphon-iodide, Nal 280 2> at 0°. and pale yellow 
sodium tetrasulphon-iodide, Nal 4S0 2 , m a freezing mixture, and he also obtained 
the corresponding red potassium compound, as well as lemon-yellow rubidium 
tetrasulphon-iodide, RbI.4S0 2 , melting at 13 5° ; and canary-yellow caesium 
tetrasulphon-iodide, Csl 4S0 2 The dissociation temp, were also determined* 
R. de Fourcrand and F Taboury claim to have made Bulphones of the type ML3S0 4 , 
where M represents an atom of sodium, rubidium, or caesium , but F. Ephraim doubts 
this 

According to F. 0. Franklin and 0. A. Kraus, 40 liquid ammonia readily dissolves 
sodium and potassium iodides. The partial press of ammonia m soln. of potassium 
iodide at 25°, as measured by R. Abegg and H. Riesenfeld, is raised from 13 45 mm. 
of water to 13*28, and 14 88 mm. for 0 51V-, N-, and r6iV-soln. respectively. 
H. M Dawson and J McCrae have shown that the distribution of ammonia between 
water and chloroform is generally lowered by the addition of various salts of the 
alkali metals and ammonium whioh they tried — halides, nitrates, chlorates, oxalates, 
sulphates, carbonates, hydroxides , this means that the solvent power of aq soln. 
of the alkali salts is in general less than that of pure water — lithium chloride, 
ammonium bromide, and sodium iodide act m the opposite way. The other halide 
saltB of lithium were not tried. The change produced in the partition coefE. by the 


halides, at 20°, is as follows : 

E 

JTa 

ns* 

LI 

Iodides 

. 1*02 

-0 32 

— 

— • 

Bromides 

. 2 13 

1 04 

-0 35 

— 

Chlorides 

. 3*18 

2 04 

0*88 

— I *8 


The increase produced by lithium and sodium halides is supposed to be connected 
with the formation of complex salts 

Potassium iodide is coloured sky-blue when heated in a sealed tube with the 
vapours of potassium or sodium. The salt is also coloured by cathode rays 41 
The decomposition of soln of the alkali iodides by exposure to radium radiations, 
and ultra-violet light increases with increasing cone. A. Kailan supposed the 
radiations decompose the undissociated iodide liberating iodine and hydrogen both 
m acid and in alkaline soln Aq. soln of the alkali iodides are neutral, but, as 
O. Loew 42 has shown, the soln gradually acquires a yellow colour and an alkaline 
reaction when kept for say 8 to 10 days , if air be excluded, the soln. remained 
colourless for 4 months. A. Houzeau attributed the effect to the presence of traces 
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of ozone m the air M Vidan "believes that light alone, not air, effects the change. 

A R Leeds found a soln. acidified with hydrochloric or sulphuric acid is decomposed 
xn s unli ght with the separation of iodine, and that the quantity of iodine so liberated 
is proportional to the cone, of the soln and the time of exposure The slow decom- 
position of soln of potassium iodide has been attributed to the carbon dioxide in 
the air which displaces a little hydriodic acid, which m turn is decomposed by the 
light, and M Battander that the silica dissolved by the water from glass vessels 
plays the same role as carbon dioxide In some recorded observations, it is not 
clear if the iodide was quite free from lodate, which facilitates the decomposition of 
potassium iodide. G. Papasogali found that purified potassium iodide soln. are 
not decomposed by carbon dioxide, but they axe decomposed if lodatea be present, 
the presence of alkali carbonates retards the reaction. G Papasogali also found 
that light — direct or indirect — does not decompose the iodide, or a mixture of the 
iodide and lodate As M. A Houzeau has shown, ozonized air readily decomposes a 
soln of potassium iodide, but C Engler and A. Nasse observed no sign of a chemical 
reaction when dry ozone acts on dry potassium iodide. The effect of ozone on soln. 
of potassium iodide has been discussed m connection with ozone, and hydrogen 
peroxide According to 0. Weltzien, the last-named reagent foims potassium 
hydroxide and iodine Y. L. Bohnson studied the catalytic decomposition of 
hydrogen peroxide by sodium iodide m various solvents 

When potassium iodide is heated m a stream of arc at 230°, or melted m a stream 
of carbon dioxide, some lodate is produced , and at 400°~500° M Berthelot 43 found 
a little oxygen is absorbed and the lodate is formed Consequently, the displace- 
ment of iodine by oxidizing agents is effected mainly when the iodide is in soln. 
R Schindler found that when water vapour is passed over heated potassium iodide, 
hydrogen iodide and potassium hydroxide are formed According to C E. Sohon- 
bern, 44 crystals of potassium iodide are coloured yellow by sulphur dioxide and 
the colour fades away on exposure to air , the yellow colour produoed in soln. of 
potassium iodide is not removed by exposure to air, by potassium hydroxide, or 
by ammonia Liquid sulphur dioxide dissolves the iodides, forming yellow soln. 
The acid anhydrides — sulphur trioxide, silica, boric, arsenic oxide, chromic oxide, 
and ferric oxide— at a red heat in air, form the corresponding potassium salts and 
liberate iodine. 46 Sulphur trioxide or faming sulphuric acid gives hydrogen sulphide, 
sulphur, sulphur dioxide and iodine, potassium sulphate is formed H. Jackson 
represented the reaction when the sulphuric acid is present in large excess by 
the equation : 2]H-f3H 2 S04=l2+S0 2 4-2EIIS04+2H20 ; and when there is ]ust 
sufficient sulphuric acid to satisfy the potassium iodide . 8ET+9H 2 S04==4H 2 0 
+H2S+4I2+8KHSO4. To fulfil these reactions it is necessary, before bringing 
the two bodies into contact, that the sulphuric acid be boiling so as to fill the 
upper part of the flask with sulphuric acid vapour, and thus ensure the complete 
oxidation of the hydriodic acid first formed 

Hypochlorous acid converts potassium iodide into the chloride, lodate, and 
iodme According to 0. W Hemp el, potassium permanganate transforms acid or 
neutral soln. into iodates : KT+2KMn0 4 +H20=KI03+2KOH+2Mn02. 0. E. Mohr 
found potassium ferricyanide oxidizes a cone, soln. of potassium iodide liberating 
iodme and forming the ferrocyamde, the reverse reaction occurs in dil. soln. ; if 
banum hydroxide is present, barium lodate is formed. When potassium iodide is 
melted with potassium chlorate or potassium nitrate, or with barium nitrate or 
banum dioxide, it is oxidized to the lodate According to A Vogel, 46 a mixture of 
a mm o n i um chloride and potassium iodide absorbs moisture from moist air, and 
becomes brown ; if the mixture be heated, ammonium iodide and io din e aTe given 
off while a mixture of potassium chloride and iodide remains J. P. Emmet 
obtained similar results with ammonium nitrate. E. Ephr aim found that lithium 
tetrammino-iodide has a dissociation press, of 760 mm at 90 5°. The alkali halides 
readily unite with many other salts, forming additional compounds Compo unds of 
arsemous oxide with the alkali halides have been described by J. P Emmet 47 — 
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2KI 3As 2 0 3 .H 2 0 — and E. Harms— 2KI.6KAs0 2 .3H 2 0 and KI.2As 2 0 3 .K0H 
H. Schiff and P Sestim supposed these products were mixtures P RudorfE 
described the compound KI.2As 2 0 8 , and H. L. Wheeler the series 3CsX.2AsX 3 
and CsX A3 2 0 3 , where X represents an atom of the halogen, chlorine, bromine, 
or iodine 

The polyiodides, and the cbloro- and bromo-iodides. — An aq. soln of one of 
the alkali iodides dissolves considerable quantities of iodine, 48 and this the more, 
the greater the amount of iodine in soln. Thus, at 7°, soln. of potassium iodide 
dissolve the following proportions of iodine : 


Percent KI . 

. 1802 

4 628 

7 201 

10 036 

11893 

12 643 

Per cent I • 

. 1 173 

3 643 

6 037 

8 877 

11182 

12*060 

Sp gr. 

. 1 0234 

1*0668 

1 1112 

1 1637 

12110 

12293 


The increased solubility is due to the formation of polyiodides, and evidence of 
the existence of iodides as high as the enna-salt, KI 9 , has been previously discussed. 
The tn-iodides of potassium, rubidium, and cesium have all been isolated. The 
m.p , temp of whitening, and the axial ratios of the crystals of potassium, rubidium, 
and oaesium tn-iodides are indicated — Table XXXI — mde Pig. 19, 2, 19, 16. 


Table 3QTXT — The Alkali Tri-iodides 



Mp 

Decomposition 
by whitening 

Sp gr. 

Crystal system 

Axial ratios a * b * c. 

EEj » * 

38° 

226° 

3 498 (16°) 

monoolmic 

1 14164 9 ; 8=86° 377/ 

Rbl, . 

190° 

270° 

4 03 (22°) 

rhombic 

0*6858 1:1*1234 

Cal, . 

201°-208° 

330° 

i 

rhombio 

1 

0 8824 1:1*1051 


In 1877 G. S Johnson 49 prepared crystals of potassium tri-iodide, KI 3 , by 
saturating an aq or alcoholic soln of potassium iodide with iodine, and evaporating 
the soln slowly over sulphuric acid— the first crop of crystals were cubes of potassium 
iodide coloured with iodine ; in some days, dark blue, almost black, lustrous crystals 
belonging to the monoclinic system were formed, which, on analysis, had a com- 
position corresponding with KI 8 H L Wells and H. L. Wheeler obtained similar 
crystals by dissolving the theoretical amount of iodine in a hot sat soln. of potassium 
iodide, and exposing the resulting soln. to a winter’s temp F. Ephraim found 
the dissociation press rose from 80 mm. at 91°, to 261 mm? at 131°, to 695 mm. 
at 169°. Rubidium tri-iodide, Rbl a , and caesium tri-iodide, CbI 8 , were prepared by 
H L. Wells and H. L. Wheeler in a similar manner The two latter tn-iodides 
crystallize in the rhombic system The crystals of all three tri-iodides are black. 
P. Ephraim found the dissociation press of caesium tri-iodide rose from 20 mm. 
at 159° to 160 mm at 206°, to 345 mm at 237°. There stq two distract curves 
which mtersect at 207 5°, the m p. By extrapolation, the dissociation press is 
760 mm at 250°. Por rubidium tri-iodide, the dissociation press at 166° is 
300 mm , at 173 5°, 376 mm. ; at 182°, 515 mm ; at 196°, 600 mm , and at 
200 5°, 700 mm. The salt melts between 182° and 196°. The caesium Balt is 
very sparingly soluble in water — 100 c c of soln. contained 0 97 grin, of Csl 3 
at 20°, and the sp, gr. of the liquid is 1 154 ; 100 c.o. of soln. contained 161 
grins of Rbl 3 , and the sp gr of the liquid was 2*19. M Berthelot found the 
heat of formation of potassium tn-iodide . KI+I 2 =KI 8l is zero with both con- 
stituents solid, with gaseous iodine the heat of formation is 10*8 Cals at 0°, and 
with the salts m soln. and gaseous iodine, 10*2 Cals The electrical conductivity 
and lowering of the f p 60 agree with the assumption that the txi iodides are 
salts of a hydrotri-iodic actd, HI S , with tervalent iodine atoms : 
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CsBSium dichloro-iodide, CsICl 2) is made by adding a gram-atom of iodine to a 
soin of a mol of cflesium cblonde in ten times its weight of water. The liquid is 
heated nearly to boiling and chlorine passed into the liquid until the iodine ]ust 
dissolves. On cooling, pale orange rhombohedral crystals of csesium dichloro-iodide 
are obtained If an excess of chlorine is used caesium letracJiloi o-iodide, CslCl*, 
is formed If a large excess of csesium chloride be present in soln deep orange 
rhombic crystals are formed R W. G WvckoS could not make the rhombic 
crystals ; he found the sp gr of the rhombohedral form to be 3 86, and the X- 
radiogram shows the space lattice is a body-centred rhombohedron m which the 
caesium atom is placed either at the centre or corner, and the iodine atom at the 
comer or centre — the nearly equal scattering power of the atom of ceesium and 
iodine prevents a decision being made between these alternatives Two chlorine 
atoms lie on the long diagonal nearly 0’31 of its length from the corners. 
F. Ephraim found the dissociation press of CsICl 2 to be 24 mm at 112° , 
185 mm at 166° , 640 mm at 204 5° , and 760 mm at 209° F. Ephraim found 
the dissociation press of rubidium dichloro-iodide, RbICl 2 , to be 80 mm 
at 97°, 403 mm at 134°, and 600 mm at 161° Potassium dichloro-iodide, 
KIC1 2 , has also been prepared , but this salt is very unstable F Ephraim 
found the dissociation press of KIC1 2 at 41° to be 28 mm , at 90°, 210 mm , 
and at 136°, 704 mm M N Rae made the dichloro-iodides by exposing the 
dry powdered iodide to the action of chlorine for some days, until the weight 
of the product corresponded with that required for the desired salt If the action 
be continued longer, tetiachloro-iodides are formed* The chlorodi-iodides, MI 2 C1, 
have not been prepared Caesium chloro-bromo-iodide, CalBrCl, was made by 
dissolving about one-fourth the theoretical amount of bromine and iodine in a 
warm soln of csesium chloride m five parts of water On cooling, the salt separates 
out in yellowish-red crystals An excess of csesium chloride is necessary or the 
crystals will be too rich m bromine and poor in chlorine If recrystallized the salt 
changes m composition, and it may be a mixture of lsomorphous CsIBr 2 and CsICl 2 
This statement, however, does not apply to the rubidium chlorobromo-iodide, 
RbIRrOl, which forms fine crystals when a warm soln of 27 gims of bromine, 
42 grins, of iodine m 40 gTms. of a sat soln of rubidium bromide is cooled. The 
salt can be recrystallized from wateT The potassium salt has not been made Tbe 
m p , temp, of whitening by decomposition, and the axial ratios of the rhombic 
crystals of the tri-iodides, chloro-iodides, and bromo-iodides are indicated in 
Table XXXII. 


Table XXXII — Alkali Tbihaltdbs — Bromoohlortdes aitd Chloro-iodtdes. 



Mp. 

Decomposition by 
wtiitenmg. 

Axial ratios aba 

EIC1, 



eo° 

215° 

0 7335 1 • 1 2204 

RbICl s 



180°-200° 

265° 

0 7341 1 1 1963 

CeICl a 



225°-230® 

290° 

0 7373 . 1 1 1920 

RbIBrCl 



205° 

200 ° 

0 7271 : 1 1 1745 

CalBrOl 



226°— 235° 

290° 

0 7230 -1 : 1 1760 

KIBr, 



60° 

180° 

0 7158 1 : 1 1691 

RbIBr* 



225° 

206° 

0 7130 1 • 1 1640 

CsIBt! 



243°-248“ 

320° 

0-7203 1 1 1667 

CslfcBr 



— 

‘ — 

0 6916 . 1 1 1419 


If a gram-atom each of iodine and bromine be mixed with a warm very cone, 
soln. containing a mol. of potassium bromide, H. L Wells and H L Wheeler 
found when the soln is exposed for some time to a low temp , crystals of potassium 
dibromo-iodide, KBr s I, are formed F Ephraim found the dissociation press of 
KIBr 2 to be 5 mm. at 17° ; 15 mm. at 40° , 47 mm at 54*5° . 98 mm at 71° f 
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and 140 mm at 80° F Ephraim obtained a rather lower m p than did H L Wells 
and H L Wheeler The latter also prepared by a similar process the corresponding 
caesium dibromo-iodide, CsBr 2 I, and rubidium dibromo-iodide, RbBr s I F Ephraim 
found the dissociation press of CsIBr 2 is 45 mm at 157° , 160 mm at 189 5° , 
600 mm at 235° , and 760 mm at 242 5° The corresponding rubidium salt, 
RbIBr 25 has a dissociation press 87 mm at 63° , 412 mm at 93 2° , 608 mm at 
101 5° , and 760 mm at 105 5° When a gram-atom of lodme is added to a soln 
of a mol of caesium bromide m 3 parts of a mixture of water with half its volume of 
alcohol, a crop of crystals of caesium bromodi-iodide, CsBrI 2 , is obtained F Ephraim 
found the dissociation pxess of CsBrI 2 is 290 mm. at 172° , 511 mm at 191° , 
and 655 mm at 200°. The dissociation pxess at 201 5° is 760 mm The m p. 
is 195 5° The corresponding rubidium and potassium compounds could not be 
prepared M N Rae made the dibromo-iodides by exposing the dry powdered 
iodine to the action of bromme vapour The brommation did not extend to the 
pentahakde condition as when chlorine is used No success was obtained with 
sodium iodide, while potassium, ammonium, rubidium, and csesium iodides formed 
the salts, MIBr 2 

H L Wells and H L. Wheeler (1892) prepared caesium penta-iodide, CsI 6j 
as a black liquid, which solidified at about 73°, by heating csesium tri-iodide with 
water, or solid iodine with a soln of csesium iodide If a cone alcoholic soln. 
of the impure solid be treated with two eq of iodine, and cooled, tnchnic black 
crystals of the penta-iodide are formed with axial ratios a * i £=0*9890 • 1 0 42765. 
H M Dawson and E E Goodson isolated a compound 
of sodium penta-iodide, Nal 5 2C 6 H 6 N0 2 , from a mtro- Cs/CL * 5 
benzene soln of iodine and sodium iodide. * 

In 1839, E Filhol B1 reported that he had prepared 
potassium tetrachloro-iodide, KC1 4 I, and the corre- a3/a£ J 
apondmg ammonium and magnesium salts, but did not z 

succeed m making analogous compounds with sodium / 

and a number of the common metals H L Wells 

and H L Wheeler also prepared slender needles of ~ ^ . 

E FilhorB potassium salt, belonging to the monoclimc ‘ Curve of CslCl 4 1 
system, and with axial ratios a b c=0 9268 : 1 . 0 44735, 

jB=84° 18' H L Wells and H L Wheeler made the whole series of the 
alkali tetrachloro -iodides They aie most conveniently made by passing a 
large excess of chlorine into a c5ne soln of the iodide of the metal, and 
evaporating the soln in a desiccator charged with chlorine, eg pale orange 
slender prisms of csesium tetrachloro-iodide, CsCl 4 I, belonging to the monoclmic 
system, with axial ratios a b . c= 0 9423 .1*0 4277, j8=86° 20' Orange- 
yellow plates of rubidium tetrachloro-iodide, RbCl 4 I, belong to the monoclimc 
system with axial ratios a : b . c=l 1390 : 1 . 1*975, j3=67° 6$'. Slender needle- 
like rhombic crystals of dihydrated sodium tetrachloro-iodide, NaCl 4 1 2H 2 0, with 
axial ratios a . b c =0*6745 : 1 * 0 5263 The crystals are rapidly decomposed 
by exposure and by treatment with alcohol or ether W N Rae prepared the 
anhydrous sodium tetrachloro-iodide, NalCI^ by exposing dried sodium iodide to 
the action of dried chlorine H. L Wells and H. L. Wheeler prepared long 
yellow deliquescent needle-like crystals of tetrahydr&ted lithium tetrachloro-iodide, 
LiO^I 4H 2 0 The crystals axe very unstable W N Rae’s analyses correspond 
with L1CI4I 3H S 0 , he made it by exposing lithium iodide, Lil 3H 2 0, to the action 
of chlorine W N Rae found that if the salts be placed in a desiccator over 
potassium hydroxide, and weighed at intervals of a few days, temp constant, 
28°, the pentahahdes — Csl 6 , CsICl 4 , etc — lose iodine steadily for about 60 days 
when the weight remains almost oonstant and the residue has a composition corre- 
sponding with the tnhahde ; the temp, is then raised, and there is agam a Bteady 
loss until the composition corresponds with the normal halide Fig. 34 typifies the 
results obtained with the ceesium penta-iodide and tetrachloro-iodide In the 
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latter case the reactions are : CsICl 4 =CsICl 2 +C1 2 , and 2CsICl 2 =2CsCl+I 2 -f Cl 2 
or CsICl 2 =CsCl — | — I Cl In all cases tried, the final solid residue always contained 
the halogen of the smallest at, wt., making it appear as if this halogen and the 
metal are united "by their primary valencies, the other halogen atoms by the 
secondary valencies . 


rci. 

ii 


r C1 i 

Cs 

Cl 

Cs. 01 

[ci- 

•cij 
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276, 1825 ; L Dossius and W. Weith, Zeit Chem , (2), 5. 327, 1869 

i9 G S Johnson, Joum. Chem. Soc , 31. 249, 1877 ; R. L. Wells and H L. Wheeler, Amer. 
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Joum Science, (4), 48 476, 1892 , (4), 44 42, 1892 , H L Wells, tb , (4), 43 17, 1892 , M. Berth©- 
lot, Compt Bend, 90 . 841, 1880, H M. Dawson and B E Gootlson, Joum Chem. Soc, 35 
796, 1904 ; F. Ephraim, Ber , 50 1069, 1917 ; R W- G Wyckoff, Joum, Amer. Chem , Soc , 42 
1100, 1920. 

50 F W Sohmidt, Zeit anorg Chem , 9 431, 1895 , E C Sullivan, Zeit phya Chem , 28 
523, 1809 , A A Jakowkm, tb , 13 539, 1894 , F Ephraim, Ber , 50 1069, 1919 

61 E Filhol, Jowm Pharm ,25 435,506,1839, H L Wells and H L Wheeler, Amer Joum, 
Science, (4), 44. 42, 1892 ; W. N Rae, Joum Chem Soc , 107 1280, 1915 , 113 880, 1918. 


§ 20. Ammonium Iodide 

Ammonium iodide is formed when equal volumes of hydrogen iodide and 
ammonia are mixed together, and a soln is obtained by neutralizing hydriodic 
acid with ammonia or ammo mum carbonate , or by treatmg ferrous iodide, Fel 2 , 
with a mm onium oarbonate, as in the case of ammonium bromide G J Jacobsen 1 
made it by double decomposition of potassium iodide and ammonium sulphate, 
and separated the ammonium iodide and potassium sulphate by taking advantage 
of the great solubility of ammonium iodide and the low solubility of potassium 
sulphate in alcohol 

Boiling soln of the two salts are mixed together, and alter cooling, alcohol eq to 15 per 
cent of the water present is added After standing, the clear liquid is separated from the 
crystals of potassium sulphate, and evaporated until the ammonium iodide commences 
to crystallize out, when ammoniac al alcohol is added and the crystals of potassium sulphate 
agam removed The ammonium iodide can then be separated by crystallization The 
ammonium iodide is extracted from the mother liquid by dil alcohol 

According to T. C N. Broeksmit and E. Rupp, ammonium iodide is made from 
ammonia and iodine, in the presence of hydrogen peroxide . 2NH3+I2+H2O2 

^2NH*I+0 2 : 

Shake 10 parts of powdered iodine with 60 parts of pharmaceutical hydrogen pox oxide, 
and gradually add 30 parts of aq. ammonia If necessaiy hydrogen peroxide is added 
until the further evolution of gas does not occur, and the Boln. has acquired a pale yellow 
colour The filtered soln becomes odourless when warmed on a water -bath, and after 
evaporation, the salt is rubbed with a little aq ammonia, and dried 

A. BeyeT treated potassium iodide with tartaric acid, and filtered off the precipi- 
tated KHgCjOg The soln was neutralized with ammonium carbonate and 
evaporated According to A. Gayard, ammonium iodide is formed during 
the decomposition of nitrogen iodide in light ; and by the action of iodide on 
aqua ammonia F. Kasohig states that if liquid ammonia is sat with iodine at 
—10°, fNH 8 ) B I 2 is formed, and this when warmed m contact with water forms 
ammo mum iodide This salt is also formed by the decomposition qf ammonium 
hypoiodite 

Ammo mum iodide forms deliquescent, colourless crystals — pentagonal lcositetra- 
hedra — belonging to the cubic system. J W Retgers 2 found that cubic crystals 
are obtained from water, and water containing urea ; while ootahedral crystals 
are deposited from soln containing ferric or chromio chloride, and lead iodide. 
According to B. Go saner, ammonium iodide forms isomoxphous mixtures with the 
chloride over a very limited range. R. 0. Wallace found that ammonium iodide 
does not show any signs of a transformation such as occurs with the bromide at 
109° and with the chloride at 159°, but F. E C. Soheffer found evidence of a transi- 
tion point with a mm onium iodide between — 20° and — 14°, and with a catalyst, 
between —17 2° and — 15‘6° — say, at — 15°, while P. W. Bridgman found a transi- 
tion point at —17*6°, corresponding with a vol change of 14 per cent , and a latent 
heat of transformation of 2 05 kgrm. metres per grm The effect of press, on the 
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transition temp is illustrated in Fig. 35, and Table XXXIII GL Bartlett and 
I Langmuir showed that the X-radiogram of ammonium iodide at 20° shows a 
simple cubic lattice with like ions 5 09xl0“ 10 cm. apart, and unlike ions 

3 60 X 10~ 10 cm. apart. L Vegard has worked out the X-radiogram of ammo- 
nium and tetramethylammomum iodides , the crystals of the former belong to 
the cubic system, those of the latter to the tetragonal system The side of the 
elementary cube in the foTmeT case is 4 54 X 10 ® cm , and the width of the base 
and tbe height of prism in the latteT case are respectively 6 26x10“® cm and 

4 52x10“ 8 cm. The elementary lattice of ammonium iodide is composed of 41, 

4N, and 12H lattices ; and that of tetramethyl- 
ammonium iodide of 21, 2N, 80, and 24H 

The reported specific gravity of ammonium 
iodide 3 ranges from H G F. Schroder’s 2 443 
to H Schifi and U Monsacchi’s 2 5168 (15°). 
The best representative value may be taken as 
2 511 The molecular volumes of the ammonium 
halides come between those of rubidium and 
csesium halides ; for example, ammonium chlo- 
ride, 34 01 , ammonium bromide, 39 62 ; am- 
monium iodide, 57*51 *W Blitz has also studied 
the mol vol of this salt 

Ammonium iodide sublimes when heated, 
and the sublimate is freed from decomposition 
products only when air is excluded, otherwise it is coloured yellow by iodine 
or polyiodides. The vapour density of the salt corresponds with its decom- 
position into ammonia and hydrogen iodide, and of hydrogen iodide into 
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Table XXXIII • — Transition Temperature oe Ammonium Iodide 


Press, atm 

Transition temp. 

' Change in vol c c 

1 per grm 

Latent heat fcgrm -m 
per grm 

1 

—17 6° 

1 — ■ 

0 0561 

2 05 

245 

0 0° 

0 0554 

2 02 



0 0547 

1 99 

1171 

1, K?!Ti9 

0 0528 | 

1 84 

2118 


0 0504 1 

1 50 


iodine and hydrogen The dissociation of hydrogen iodide at 350° and 380 mm. 
press is very slow, for it amounts 4 to about 4 per cent, m 24 hours’ time. 
H St. C Deville and L Troost’s values, at 440° and 860°, are respectively 2 59 and 
2 78 — -the theoretical value fox the mixture NH3+HI is 2 50, air unity. According 
to A Smith and R. P. Calvert, the dissociation temperature at 760 mm. press is 
404 9° and the observed results can be represented by the expression : log j) 
=-7714*591/^—10 04345 log T+42*69560. A. Smith and R. H. Lombard find 
the vapour densities in grms. per o c : 


300 ° 

Dissoc. press. . 48 5 (3X0°) 

Vapour density 0 000181 
Latent heat . 18 0 


$ 20 * 
143*5 
0 000307 
20 4 


840 * 

136 6 
0 000488 
22 8 


800 ® 
236 7 
0 000874 
23 6 


880 ° 
407 3 
0*00129 
248 


The theoretical vapour density curves calculated for complete dissociation (a), and 
for the undiBBociated vapour (b) are shown in Fig 36 by dotted lines , the observed 
vapour density curve (continuous) shows that below 340°, the observed density of the 
sat vapour is greater than the value required fox no dissociation, meaning that the 
vapour is associated, but part of the vapour is probably also dissociated as well, 
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so that on the assumption that the associated molecule is the equilibrium 

condition is (NH4l) 2 x^2NH4l^2NH 8 +2HI, where the course of the curve 
shows that as the temp rises, the amount of association decreases and the amount 
of dissociation increases Although the observed density at 340° is normal, the 
ammonium iodide is here partly associated and partly dissociated At the temp, 
in question, no secondary reaction producmg hy- 
drogen or nitrogen gases was observed — eg. 2HI 
=I 2 -|-H 2 and 3I 2 +2NH 3 =6HI+N 2 The dissocia- 
tion constants and the heats of dissociation of 
amm onium iodide could not be calculated on account 
of the association If Z> 0 and D respectively denote 
the theoretical (undissociated) and the observed 
vapour densities of ammonium iodide , a the per- 
centage number of dissociated HB4I mols , and j3 
the percentage associated, a— ■Jj3=(D 0 — D)/D, from 
which a and j8 cannot be computed without another 
relation between the two unknowns Assuming that 
all the NH^I-mols m the vapour have associated to 
(NB4) 2 I 2 or dissociated to NH3+HI, since a+j3 
=1 00, then, at 300°, between 24 and 83 per cent, is associated and from 0 to 17 
per cent, dissociated , at 380°, between 0 and 59 per cent, is associated, 11 to 41 
per cent dissociated 

H. Bassow gave 551 ± 3° for the melting point of ammonium iodide ; and 
G. Bartha, 220° for the boiling point m vacuo. The latent heats ol vaporization 
calculated from 

T TP ( 7715 10 04^ 0 02419 n , 

760 V0 4343T2 TJD 

are indicated above. According to J Ogier, 5 the heat o£ formation from its elements, 
iodine solid, is 65T Cals. , according to M Berthelot, iodine gaseous, 56 Cals. ; 
and, according to J, Thomsen, 49 31 Cals J Thomsen also gives for the crystalline 
Bolid, NH s +HI=NH 4 I+32*46 Cals J Thomsen’s values for the heat of solution 
vary from —3 52 to —3 585 Cals for a mol of the salt in 200 mols of water ; and 
for the specific heat of a 3*9 per cent soln , 0*963 at 18°. 

The solubility of ammonium iodide 6 in water is very great. At — 27‘5°, the 
oryohydric temp , water dissolves 55 peT cent of the salt, and at 15°, 62 '5 per cent. 
A contraction oocuxs when this salt dissolves in water. Thus, H Schiff and 
U Monsacchi 7 calculate from the specific gravity determinations of W. H, Perkm 
and W. W. J Nicol : 


Per cent NT3 4 I 

3-365 

13 42 

30 50 

54-64 

60 44 

Sp gr. 16° . 

VoL 100 grms 

1 0202 

] 0899 

1 2341 

1 5109 

1-6948 

98-0200 

91 7515 

81 0331 

66 1844 

62 7054 

Vol. components 

98 0642 

91 9848 

81 6768 

67 1082 

63 6079 


According to W Ostwald, the soln of m grins of the salt in 2000m grms of water 
at 20° is attended by a contraction of 52*9 c c. per mol of salt The molecular 
volumes of ammonium iodide m 10, 20, and 50 per cent, soln , calculated by 
J. Traube from E. Kohlxansch’s sp. gx data, are respectively 54*6, 55*2, and 56 2, 
when the mol vol. of the solid is 59*3 

W C. Bontgen and J. Schneider 8 have found the compressibility of soln. of a mol. 
of ammonium iodide m 700 mols. of water to be 0 954 ; and in 1600 mols of water 
0 910. The following table enables the values for the alkali and ammonium halides 
to be compared for soln containing a mol of the salt in 700 and 100 mols. 
of water ; 
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Table XXXIV — Compressibilities op Aqueous Solutions op the Alkali Halides. 


700 h 2 o 


1500 n a o 



H 

NH* 

Li 

K 

Na 


H 

im 4 

U 

K 

Na 

I 

Br 

Cl . 

0 960 

0 949 

0 910 

0 910 

0 901 

0 888 

0 869 

0 868 

i 

! 

0 869 

0 862 

0 848 

0 863 

0 851 

0 837 

I 

Br . 
Cl . 

0 981 

0 974 

0 964 

0 963 

0 946 

0 940 

0 934 

0 928 

0 932 

0 930 

0 919 

0 924 

0 923 

0 917 


W. C. Rontgen and J Schneider also measured the surface tension of the soln. 
of ammonium iodide. F H Getman found the viscosity of soln of this salt falls 
from 0 008577 dynes per om, for 0 BiV-soln to a minimum 0 007779 dynes per cm. 
for 2*502iV-8oln. ; and then rises to 0 009321 for 5 0042V-soln The respective 
sp gr. of these soln are 1‘0447, 1 2304, and 1 4591 The viscosities of 1 OOlN-soln. 
falls from 0 01146 at 10° to 0 01031 at 15°, to 0 009277 at 20° 

The lowering of the vapour pressure of water by ammonium, iodide measured 
by G\ Tammann 0 shows that the fall is 12 5 mm foT ^N-soln , 25T mm fox N-soln ; 
and 243*5 for IOI^-boLi According to L. C de Coppet, the soln. of a mol of the 
salt in water lowers the temp of maximum density 11 1° The degree of ionization 
calculated by S M Johnston from the raising of the boiling point of water by 
normal soln of a mm onium iodide agrees with the value of N Zelinsky and 
8^ Krapiwin and S Arrhenius from the electrical conductivities of soln of a mol, 
of the salt m v litres of water : 

t> . . 16 32 64 128 266 612 1024 

A . . 125 4 129*6 133 4 135 9 138*7 141 3 143 7 

At higher cone there is evidence of the hydration of the solute. M le Blanc 
found the decomposition potential of a ZV-sobi with platinum electrodes to be 
0*88 volt, % e. 0*25 volt smaller than the corresponding sodium and potassium Balts. 
B. Holmberg found the law of mass action is applicable to the ionization of 0 05N- 
to N-soln. of sodium and potassium iodides. S von Laszczynsky and 8. von Gorsky 
measured the conductivity m pyridine soln 

The molecular refraction, dispersions, and magnetic rotation, measured by 
J H Gladstone and W H Perkm, 10 are respectively 39 66, 4 88, and 19 996 
According to H Topsoe and C Christiansen, the refractive index of crystals of 
ammonium iodide for the O-line is 1 6938 ,* for the D-line, 1 7031 , and for the 
F-line, 1 7269 M le Blanc and P Rohland found for the mol. refraction of 12 5 
per cent soln. with the D-line, 40 01 by J H. Gladstone and T S Dale’s formula, 
and 23*39 by Lorentz and Lorenz’s formula 0. Reinkober studied the reflexion 
spectrum for ultra-red rays. 

Ammonium iodide is soluble in methyl alcohol, and N Zelinsky and S Krapiwin n 
have studied the electrical conductivity of these soln , and it was found that the 
ionization is much greater in the pure alcohol than m 50 per cent soln The 
soln m ethyl alcohol is attended by a considerable contraction, and, according to 
W H. Perkm, a 21 per cent, soln of ammonium iodide m alcohol (sp gr 0 7947) 
haB the Bp gr. 0 9413 at 15°, and the alcoholic soln has a mol magnetic rotation of 
18 9 H. 0. Jones and F. H Getman measured the lowering of the f p , and 
G Carrara the electrical conductivity of alcoholic soln which indicate an increasing 
ionization with increasing dilution, vide alkali iodides. Both G Carraia and 
P. Dutoit and A. Levier have investigated the conductivity of soln m acetone — 
with a dilute ion v=500, the degree of ionization is 0 61 , with ti==20,000, 0*98 , 
and with v=50,000, 1 0. The results are m accord with the dilution law ; the 
ionization constant is X=0*00165. M G Levi and M Voghera found both ammonia 
and hydrogen were developed at the cathode during the electrolysis of soln. in 
acetone and in yyndwe, 8, von Laszczynsky and S von Gorsky have also measured 
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the conductivity of soln of this salt in pyndme P. Walden and M. Centnerszwer 
found the conductivities and f p determinations of soln of ammonium iodide in 
liquid sulphu 1 ) dioxide corresponded with the assumption that a complex is formed ; 
and R de Eorcrand and E. Taboury found liquid sulphur dioxide forms sitlphones 
of the type MI 3S0 2 'with the iodides of sodium, rubidium, and caesium — the first 
is amorphous, the two latter crystallize from liquid sulphur dioxide at 0°. 

H Moissan found ammonium iodide to he soluble in liquid ammonia , while 
H P Cady, and E C Franklin and C A Kraus, showed that the conductivity of the 
soln resembles that of the corresponding bromide. L Troost prepared a senes of 
ammmo-compounds analogous with those of ammonium chlonde and bromide, 
and the compounds behave in a similar manner. The dissociation press of ammo- 
nium ammino-iodide, NH 4 I NH 3 , or HI 2NH S , is 10 mm at —17° ; 57 mm at 0° , 
455 mm at 35° , and 1140 mm at 56°. Ammonium triammino-iodide, NH 4 I 3NH 8 , 
ot HI 4NH g , fuses at —12°, and its dissociation press is 130 mm at —27° , 380 mm 
at 0° , 700 mm at 14 6° , 840 mm at 19 5° ; and 1160 mm at 30° J Kendall 
and ,T G Davidson measured the f p curve of mixtures of ammonia and ammonium 
iodide , and isolated ammonium tnammmo-iodide, with amp of —8° ; and 
ammonium tetrammino-iodide, NH 4 1 4NH 3 , melting at — 5T°, but did not obtain 
L Troost’s mono-ammino-salt or his ammonium hexammmo-iodide, NH41 6NH a , 
or HI 7NHg, melting at 28°, and with the dissociation press 435 mm at —29° ; 
575 mm at —21 2° ; 770 mm at —12 8° ; and 1735 mm at 11 4° The stability 
of the ammonium am m mo -halides increases with the at wt of the halogen. 

Aq soln of ammomum iodide gradually assume a yellow colour on exposure, 
presumably owing to oxidation ; and, according to A R Leeds, 12 the reaction is 
accelerated by exposure to light. An hour’s exposure to the electric fight, 
sunlight, and magnesium light liberated respectively 15 0, 3*9, and 0 06 mgrm, 
of lodme from a soln acidified with sulphuric acid , and similarly 9 8, 2*3, and 
0 07 mgrm from a soln. acidified with hydroohloric acid. If air and oxygen be 
excluded, no iodine separates even with the most intense illumination. The vapour 
of sulphur trioxide, says H Rose, is absorbed by ammomum iodide at ordinary 
temp , forming a product which decomposes with the evolution of sulphur dioxide, 
and a residual reddish-brown mass P Hautefeuille found ammomum iodide can 
be sublimed in hydrogen ohloride without decomposition, but above 360° some 
ammomum chloride is formed M Berthelot did not find any indications of the 
formation of a hydroiodide by heatmg ammonium iodide with an excess of hydriodic 
acid (sp, gr. 2) at 280°. 

According to G S Johnson, 13 dark-brown rhombic plates of ammonium tri- 
iodide, NB4I3, with axial ratios a : b . c== 0 6950 : 1 . 1 1415 isomorphous with the 
alkah tri-iodides, are obtained by evaporatmg a sat aq. soln of iodine and ammonium 
iodide over sulphuric acid The sp gr. is 3 749 R. Ah egg and A Hamburger 
obtained good crystals by warming a sat soln of iodine with the calculated quantity 
of ammonium iodide, and slowly cooling the mixture. The dissociation press 
NH^Iav^NH^ -fl 2 was estimated at 0 053 mm, by treating the salt with benzene 
at 25° , no higher polyiodide exists at 25° The crystals are slightly deliquescent, 
and they dissolve unchanged m a small proportion of water, but iodine separates 
when a large proportion of wateT is used E Eilhol prepared ammonium tetra- 
chloro-iodide, NH4OI4I, m a similar manner to the corresponding potassium 
compound 

C L Jackson and I H Derby prepared ammonium dbbromo-iodide, NB^B^I, 
by treating ammomum bromide with an ethereal soln of iodme bromide, and 
evaporatmg the ether , and also by exposmg ammonium iodide to the vapour of 
bromine when the salt is first coloured black and then scarlet. The black colour 
may represent an intermediate product The dibromo-iodide is blood red by trans- 
mitted light, and green with a metallic lustre in reflected light It smells of iodine 
bromide, and on long standing leaves a residue of ammonium bromide ; the same 
decomposition occurs to a limited extent when the salt is digested with ether. 
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When treated with water, "bromine and iodine are set free , hydrochloric acid 
liberates iodine ; sodium or ammonium hydroxides give a black precipitate of 
nitrogen iodide, and the mother liquid liberates bromine when treated with hydro- 
chloric acid Sulphurous acid gives hydrobromio and hydnodic acids. E. Ephraim 
found the dissociation press of NH^IBrg to be 65 mm. at 107° ; 204 mm , at 134° ; 
465 mm. at 154° , and 640 mm. at 161°. 

Dry iodme absorbs dry ammonia, forming a dark brown liquid from which the excess 
of ammonia can be removed by standing over cone sulphuno acid The same liquid is 
obtained by adding iodine to a sat soln. of ammonium nitrate or carbonate with one-third 
an eq of potassium iodide ; as is also the case when a sat soln of potassium tn-iodide is 
treated with aq potassium hydroxide and ammonium nitrate F Guthrie and 
W. H Seamon 14 prepared these compounds The analyses corresponds with NZLJ*, 
so that these products were formerly regarded as lodammomuin iodide, (NH 3 I)I, or ammino- 
iodine, NH 3 I 2 , but, according to J. F Norris and A I Franklin, the properties correspond 
with a mixture of nitrogen iodide, NHI a , and ammonium polyiodide 
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§ SI. The Alkali Monosulphides 

The union of sulphur with alkali, mtrum , has been known from early times. 
In the first century, Pliny, m his Eistona naburahs (SI. 46), refers several times to 
the combination sal mtrum sulphun , formed by melting nitrum with sulphur m a 
vessel over a charcoal fire It is mentioned by Geber. In the thirteenth century 
ALbertus Magnus, in his Alchymia , described the preparation of this substance by 
fusing sulphur with the alkali, and by digesting sulphur with alkali lye Basil Valen- 
tine described some of the properties of the soln A Libavius, 1 R. Boyle, 
J. R, Glauber, G E. Stahl, and H Boerhaave also investigated the properties of 
Jiepar sulphuns — liver of sulphur — or hepar sulphuns sahnum , or Jiepar sulphuns 
dLkalmum , as it was variously called by tbe alchemists of the Middle Ages. 
J. R Glauber made it by calcining sodium sulphate with charcoal J. Mayow 
found the soln of alkali sulphide is oxidized to sulphate when exposed to air 
G E Stahl oalled it sulphur alcalico sail annexum The nature of hepar sulphuns 
has been investigated by J. J, Berzelius, C. L. Berthollet, H. Hager, R. Kemper, 
H. E Schone, and many others The corresponding soda-liver of sulphur has been 
investigated by L N. Vauquelin, E. Filhol, and J B Senderens, etc The results 
are discussed m connection with the alkali sulphides, and polysulphides. Liver of 
sulphur is not a chemical mdividual, but rather a mixture of many sulphur compounds 
of the alkalies. 

Liver of sulphur is made by gently heating sulphur with potassium carbonate m olosed 
earthenware or cast-iron crucibles, but less contaminated with impurities, in glass flas k s 
The product so obtained is a dull green mass , the freshly broken surfaces are liver-coloured 
— hence the name Liver of sulphur is a mixture of various polysulphides, sulphate, 
thiosulphate, and may be some unattacked carbonate, particularly if less than 36 per cent, 
of sulphur and a low temp have been employed The composition of the product depends 
on the proportions of the constituents and the temp to which they have been heated If 
higher proportions of sulphur be used the higher polysulphides predominate in the product 
Liver of sulphur is used for making ointments m Birin diseases ; for internal and external 
application in rheumatism, etc It is the potassa sulphur ata of the Pharmacopoeia ; and 
it is used by gardeners as a fungicide and parasiticide 

According to G. Calcagni, 100 c c. of a cold 66 per cent of sodium hydroxide 
dissolves 24 55 grins, of sulphur or 57 parts of sulphur per 23 parts of sodium ; 
while 100 oo of a similar soln. of potassium hydroxide dissolves 17 70 guns, of 
sulphur, or 59*35 parts of sulphur per 39 15 parts of potassium The soln. reacts 
for sulphides, polysulphides, thiosulphates, and sulphites. The reaction between 
alkali hydroxides and sulphur is complex, probably sulphides are first formed 
from which thiosulphates are produced, and by the dissolution of more sulphur, 
polysulphides , the thiosulphates lose part of their sulphur forming sulphites. 
In the more oono. soln of sulphur part of the latter appeals to be uncombined 
because these soln. yield Bulphur to hot benzene. All the soln. are decomposed by 
carbon dioxide yielding sulphur and hydrogen sulphide. 

The preparation of the alkali monosulphides. — Products usually called sul- 
phides have been obtained by the direct union of the elements Thus, L. Troost a 
prepared what he regarded as amorphous lithium sulphide, Li 2 S, by the action 
of sulphur vapour on heated lithium H Davy, and J. L. Gay Lussac and 
L. J. Th6naxd, prepared sodium sulphide, Na 2 S, by warming sulphur with sodium; 
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and, according to G C Winkleblech, the reaction proceeds with incandescence at 
ordinary temp Potassium sulphide, K 2 S, was likewise prepared from its elements 
m a similar manner. M. Rosenfeld triturated the sulphur and sodium in a mortar, 
and modified the violence of the reaction by admixing the components with sodium 
chloride R Bunsen likewise found that rubidium or cassium bums with incan- 
descence m sulphur vapour, forming respectively rubidium sulphide, Rb 2 S, and 
caesium sulphide, Cs 2 S. J Locke and A Austell boiled a soln of sulphur m toluene 
or naphthalene with metallic sodium. C Hugot dissolved the calculated quantity 
of sulphur in a soln of sodium or potassium in liquid ammonia. 

R Bunsen and H E Schonn made sodium and potassium monosulphides by the 
action of sodium or potassium on sulphuric acid, heavy spar, carbon disulphide, 
and various other organic and inorganic sulphur compounds The reaction is 
utilized in testmg for sulphur in these products since the presence of a sulphide 
is readily recognized. H. Moissan prepared rubidium and caesium sulphides by 
the action of molten sulphur or of hydrogen sulphide on the alkali hydrides 
J J. Berzelius found that a current of hydrogen will reduce red-hot potassium 
sulphate to the sulphide, and H Y Regnault found that glass or porcelain tubes 
are thereby much attacked C. Stammer also reported that the same salt is likewise 
reduced by carbon monoxide, but A. Levol could not confirm the statement. 
J. G. Willans has patented the reduction of salt cake by carbon monoxide and 
steam , W. Weldon, by combustible gases. 

P. BerLhier and A J P. du M&oil obtained sodium or potassium sulphide by 
heating a mixture of four gram-atoms of coal with one mol. of sodium sulphate 
This reaction was known to J R Glauber, and it probably dates much furthci 
back than this L. Troost prepared lithium sulphide in an analogous manner 
A Mourlot obtained a crystalline mass of the sulphide — lithium, sodium, or potassium 
— by heating the mixture m Moissan’s electric furnace for about five minutes 
The reduction of the sulphate has been recommended for the manufacture of the 
sulphide on a large scale. To facilitate the manipulation of the products, E Jean 
sintered a mixture of sodium sulphate, banum sulphate, wood charcoal, and coal. 
E H Gossage recommended mixing 30 per cent of sodium chloride with the 
mixture to be reduced so as to lessen the attack on the firebricks W. Weldon 
recommended the use of bricks of coke and graphite powder , R W. Wallace an d 

O. E Claus used a bauxite lining , B Peitzsch, iron Vessels , and P. Berthier, 
carbon crucibles. E Ellerhausen has also paid special attention to the destructive 
action of hot sodium sulphide on furnace walls According to J. L Gay Lussac, 
much of the sulphate will remain undecomposed if the temp, be too low,' and 
polysulph ides will be formed ; C. Wittstock a]so found that if too little coal be 
used, a mixture of polysulphides and carbonate will be formed , and A Bauer found 
that polysulphides and carbonate are always found among the products of this 
reaction J L. Gay Lussac obtained a very combustible substance — j pyro / phore 
de Oay Lussac — by decomposing potassium sulphate with a large excess of carbon 
It is said to be a mixture of polysulphides, potassium, and carbon. It behaves 
like the pyrcrphore de Homberg prepared with potash alum. Patents have been 
taken out for the reduction of salt cake to sulphide by coke or coal by A. R Arrott, 

H Gossage, J. Wilson, J Barrow, 0. E Claus, etc. The process employed m 
Ger m a n y in 1880 is described by C. Winkler (1880 ) — vide sodium carbonate 

P . Sabatier found that red-hot sodium sulphate is rapidly and energetically reduced 
by carbon disulphide vapour — but the product is a mixture, 2Na-fl^S 

J. J. Berzelius melted sulphur with an excess of potassium hydroxide and 
found the product to be a mixture of the monosulphide and thiosulphate. J. Kircher 
passed hydrogen sulphide over coarsely powdered sodium hydroxide at 100°. 
M. J, Eordos and A G61is made sodium sulphide by heating sodium carbonate with 
sulphur to 275°; the product is obviously a kind of soda-liver of sulphui 
J. W. Kynaston melted sodium hydroxide with calcium sulphide , and J Y Esop, 
and C. Ymcent treated a soln. of barium or other sulphide with sodium or potassium 
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sulphate. 0. T Kiugzett prepared, sodium sulphide by the aotiou of hydrogen 
sulphide on molten sodium chloride, and L Bemelmans patented a process in which 
molten potassium chloride is run into molten sulphur — sulphur chloride is formed, 
potassium sulphide is obtained as a by-product 

P. Sabatier prepared anhydrous potassium sulphide by dehydrating the dihydrate 
in a srream of hydrogen gas , and anhydrous sodium sulphide by dehydrating the 
enneahydrate m a quick stream of hydrogen while it is heated on a sand-bath. The 
products are contaminated with silica from the glass The dry methods of pre- 
paration furnish oxidized products — thiosulphates and polysulphides Sometimes 
also some carbonate E Pnwozmk recommended purifying sodium sulphide by 
digesting a oonc soln with copper, and evaporating the soln in a stream of hydrogen ; 
andW Gibbs recommended recrystallization from 90 per cent alcohol W P. Bloxam 
has pointed out that while sodium thiosulphate is usually considered to be insoluble 
in alcohol, this is not the case when polysulphides are present No solvent capable 
of separating thiosulphates and polysulphides is yet known 

When a hot aq soln of sodium sulphide, sp gr 1 285, is cooled, crystals of 
enneahydrated sodium sulphide* Na 2 S 9H 2 0, separate This salt is the stable 
hydrate at ordinary temp L N Vauquehn, and J J. Berzelius made a soln. of 
alkali monosulphide by dividing a soln. of alkali hydroxide into two parts, one 
half is sat. with hydrogen sulphide, KOH+H 2 S“KSH+H 2 0 ; the two soln. are 
then mixed together : K0H+KSH=K 2 S+H 2 0. Sodium monosulphide is 
prepared in the folio wmg maimer . 

Dissolve 333 grros of pure sodium hydroxide (made from the metal) in a litre of air-free 
water Pour the soln into a flask, and pass a rapid stream of washed hydrogen sulphide 
into the soln through a wide glass tube (1 cm bore) fitted into a double-bored stopper, so 
as to protect the oontents of the flask from air as much as possible The object of the 
wide delivery tube is to avoid choking the tube with the separated sulphide There is an 
increase in the volume of the soln such that 1000 c c become 12 IS c c When the soln 
is sat the pale yellow liquid may be poured into small glass-stoppered bottles and sealed 
with paraffin ; or the soln may be evaporated in a platinum or porcelain dish until a film 
of crystals begins to form on the surface, and the hot liquid bottled and sealed The 
liquids may deposit crystals of sodium monosulphide — Na c S 9H a O — on standing or cooling. 
The bottled soln. keep indefinitely when protected from the atm air A small quantity 
of black iron, nickel, or silver sulphide may settle on the bottoms of the bottles on standing 
For use, the soln is diluted to a sp gr 114 Sodium hydroxide pure by alcohol does not 
give so satisfactory a soln as that prepared from the metal, since a soln prepared from the 
former will be coloured with coUoidal sulphides, which only separate after long standing. 
According to E Prothi^re and A Revaud, a layer of almond or olive oil on the surface of 
a soln of the sulphide outs off the air without forming deposits or an emulsion. The soln- 
then keeps indefinitely 

P. Sabatier, F Liithe, W. Helbig, H. Finger, W. P. Bloxam have also prepared 
crystals of enneahydrated. sodium sulphide, by a method analogous to that employed 
by L N. Yauquelm and J J. Berzehus R Bottger proceeded in a similar manner, 
using alcohol soln H. Pomeranz supposes that the primary action between alkali 
hydroxides and sulphur is analogous to that between alkali hydroxides and ohlorine 
m the cold, and takes plaoe according to the equation ; 4Na0H+2S=Na 2 S+Na 2 S0 2 
+2H 2 0 or 3Na0H+2S=Na 2 S+NaHS0 2 +H 2 0 In support of this view, it 
is found that a mixture of sulphur and sodium hydroxide in the ratio 2S 3NaOH 
has a similar bleaching action on p-mtro-amlme-red to that of sodium hyposulphite. 
Polysulphide and thiosulphate are only produced by the further action of the 
sulphur on the sulphide and hyposulphite 

The solubility of sodium sulphide in water, studied by N Parravano and 
M. Fomami, shows a oryohydrate temp. — 10° when 9 34 peT cent, of anhydrous 
sulphide is present m soln The enneahydrate exists in aq soln up to 48 9°, where 
it is transformed into the hemihenahydrated sodium sulphide, Na 2 S 5£H 2 0, which 
exists in a labile condition between 48*9° and 91*5°, and is stable between 91 5° and 
94°. The hexahydrated sodium sulphide, Na 2 S 6H 2 0, is stable between 48° and 
9r5° ; but the enneahydrate does not change mto the hexahydrate at 48°, rather 
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does it pass into the hydrate at 48 9° This is a rare case where the phenomenon 
observed in a transformation is accompanied by an absorption of heat R Bottger 
and P Sabatier made what was probably the hemihenahydrate — they said penta- 
hydrate — by melting the enneahydrate and slowly coolmg the molten mass from 
90°. G Lemoine isolated the same hydrate from the products of the action of 
sodium hydroxide m phosphorus sulphide C Gottig reported the hemihenahydrate 
and the hexahydrate by the action of hydrogen sulphide on alcoholio soln of sodium 
hydroxide He obtained the hexahydrate between 17° and 22°, and the hemihena- 
hy irate between 41° and 45° H Prnger said that the needle-like crystals which 
separate when hydrogen sulphide is passed into a cone soln of sodium hydroxide 
are the hexahydrate. These orystalk subsequently dissolve before the lye is all 
sat. with gas , and W P Bloxam believes these crystals have the empirical com- 
position 2Na 2 S NaOH P Sabatier obtained crystals of what he regarded a 
hemi-enneahydraled sodium sulphide , Na 2 S 4£H 2 0, by keeping the enneahydrate m 
vacuo over sulphuric acid The individuality of this hydrate and of tnhydrated 
sodium sulphide, Na 2 S 3H 2 0, described by A Damoiseau, has not been confirmed 


VV P. Bloxam cone a soln of potassium hydroxide, half sat with hydrogen 
sulphide, m vacuo over calcium chloride, and obtained small white tabular crystals 
of dodecahydrated potassium sulphide, K 2 S.12H 2 0 The mother liquor furnished 

brilliant four-sided flat rhombs of penta- 

,Q $\ ]~ — i o hydrated potassium sulphide, K 2 S 5H 2 0, 

o . oJv 5 ° analogous with the crystals obtained by 

® Schone and J J Berzelius when 

these crystals are repeatedly powdered, 

§ ZZi,- an< * e3 -P? ae ^ vacuo over sulphuric 

| q acid, W. P Bloxam obtamed dihy- 

| drated potassium sulphide, K 2 S2H 2 0; 

Sj P Sabatier also prepared the dihy irate. 

/ W Biltz and E Wilke-Dorfurt} prepared 

white crystals of tetrahydrated rubidium 

0 ^ -aj° sulphide, Rb 2 S 4H 2 0, by precipitation 

0 — to e i is Jo 35 i ** “In by addition of 

P»r cent Ha.yS alcohol and ether — an oil first separates 

Fia. 37 — Equilibrium Curves of Sodium ^hich subsequently crystallizes — and also 

Snlrihirln in Wo+ow Vi it otto r\At*n+in r-r ~ * _ 
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Sulphide in Water by evaporating the cono aq soln. in a 

, desiccator over calcium chloride When 

these crystals are dehydrated at 200°, they form white crystals of dihydrated 
rubidium sulphide, Rb 2 S 2H 2 0, and when heated to a still higher temp., they 
ultimately give the anhydrous salt. W. Blitz and E Wilke-Dorfurt prepared 
White crystals of tetrahydrated caesium sulphide, Cs 2 S4H 2 0, exactly like the 
corresponding rubidium salt 1 

T3ie properties ot the alkali monosulphides. — Amorphous lithium sulphide 
is pale yellow , the crystals prepared in the electric furnace by A Mourlot 8 were 
smaU cubes without action on polarized light The crystals of anhydrous sodium 
sulphide prepared by the dry processes are more or less impure, and this determines 
largely the colour which is variously reported, white, yellow, and red. Sodium 
enneahydrate forms colourless tetragonal crystals which, according to C E Rammels- 
berg, have the axial ratio a ■ c=l : 0 982 The colourless crystals of the ennea- 
hydrate beoome yellow in air, presumably owing to the formation of polysulphides, 
Dut R. KoJ.be says the yellow crystals become white again when heated, presumably 
owing o e oxidation of the yellow product The crystals of anhydrous potassium 
sulphide are red, and they become black on melting According to 0. Wittstock, 
pi 6 ? 6ryBtals are coloured by impurities— polysulphides. Both P Berthier and 
tv,*. .AU T P re i jarec ^ colourless crystals The crystals obtained by evaporating 
w p p, a straam ; of hydrogen sulphide are colourless H E Schone and 
oxam say the pentahydrate forms colourless glass-like four-sided flat 
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prisms ; W P Bloxam says the dodecahydrate forms colourless glass-like tabular 
crystals. W. Blitz and E Wilke-Dorfurt say that the hydrates of rubidium and 
caBsium sulphides form white crystals, and that anhydrous rubidium sulphide, 
B»b 2 S, is dark red — presumably owing to the presence of impurities. Sodium, 
potassium, rubidium, and caesium sulphides are all deliquescent, and t his the more 
the greater the at wt of the alkali metal. P. W. Bridgman found that potassium 
monosulphide is dimorphic at atm press. The transition temp, is 146*4° at atm 
press., and no other modification was found at 20° and at 200° with respectively 
12300 and 12000 kgrms per sq cm press. : 


Press • . I 1000 

Transition temp 146 4° 158 4° 

Change of voL • 0 000948 0*000918 

Latent heat • 0 331 0*330 


3000 
182 4° 

0 000835 
0 324 


6000 kgrm per sq cm. 

206 4° 

O 000794 c c per grin. 

0 317 kgrm -m. per grm 


' The low temp form is the .more expansible, and has the higher sp. ht. The specific 
gravity of crystalline lithium sulphide, according to A Mourlot, ranges from 1*63 
to 1 70 ; E Eilhol gives 2 471 for sodium sulphide, and 2 13 for potassium sulphide— 
E. EilhoTs numbers presumably refer to the hydrated salts. O. Boch’s values fox 
the sp gr, of aq soln are indicated below. 

According to W. P. Bloxam, the melting point of pentahydrated potassium 
sulphide is about 60°, and it loses only a trace of hydrogen sulphide if heated to 
660°. J. Thomsen gives for the heat of formation (Li 2 , S, aq) 115 22 Cals., and 
(Na 2 , S, aq.), 52 0 Cals., E Eilhol and J. B. Senderens’ value for (Na 2 , S, aq ) is 
51*6 Cals., and P Sabatier’s value is 51 6 Cals , (Na 2 , SsobdL 44 1 Cals , and E Eilhol 
and J. B. Senderens, 44 2 Cals. P. Sabatier gives 97 52 Cals, for (K 2 , £Wid), and 
(K 2 , Sgas), 100 22 Cals M Berthelot gives COS+2K 2 0=K 2 C0 8 +K 2 S+48 04 Cals. 
J. Thomsen and P. Sabatier find that the heat of dilution for Na 2 S+120H 2 0 is 
insignificant, for, owing to hydrolysis, such a soln contains the hydrosulphide, 
HaSH, not the monosulphide. The heat of the reaction, NaOHaq+H 2 S gas , 
varies with the cone J Thomsen gave H 2 Saq+2NaOHaq=7 802 Cals. ; KOHaq 
+H 2 Saq=KSHaq+7 7 Cals *; and KOHaq+KSHaq==K 2 Saq — 0 Cals. — presumably 
the monosulphide does not exist in dil soln., but in cone, soln the thermal value 
increases with cone as n decreases in K 2 S+wH 2 0, thus : 


n . 401 241 121 41 31 21 16 11 0 

© Cals . 0 0 04 0 06 0*11 0*19 0 21 0*24 0*38 0 47 


P. Sabatier gives for the heat of hydration with liquid water Na 2 S+4 , 5H 2 0, 
10 0 Cals. ; Na 2 S+5H 2 0, 10 8 Cals ; and Na 2 S+9H 2 0, 15 86 Cals. P, Sabatier 
gives 7 5 Cals. Na 2 S 4£H 2 0+1£H 2 0==0 8 Cal, and for Na 2 S 5H 2 0+4H a 0, 5*06 
Cals. Similarly, K 2 S+2H 2 0=8 10 Cals., K 2 S+5H 2 0=19 75 Cals., and KgS 2H 2 0 
+3H 2 0=11 65 Cals. P Sabatier gives 7 5 Cals, heat of solution of Na 2 S at 14 5° ; 
Na 2 S 5H 2 0, —3 3 Cals, at 77° ; and Na 2 S 9H 2 0, —8 38 Cals at 13°. P. A Eavre 
and J. T. Silbermann give 5 3 Cals, for the heat of soln of K 2 S, and P, Sabatier 
5 0 Cals, for 500 parts of water at 18°, and for K 2 S+2H 2 0, 1*90 Cals (16°) ; and 
K 2 S+5H 2 0, —2 60 Cals (17°) P. Sabatier gives 9 9 Cals for the heat of the 
reaction of hydrochloric acid with Na 2 9, and 10*08 Cals, with Na s S 9H 2 0. The 
alkali sulphides are soluble in water; and, according to J J Berzelius, less soluble 
m alcohol than in water The soln. are decomposed by acids with the evolution 
of hydrogen sulphide. A Stromeyer found that even carbonic acid acts m this 
way. A. Braudnmont says that sodium sulphide is soluble in less than three- 
fourths of its weight of water; N. Parra vano and 1^ Eomairu’s measurements 
show the stable phases of sodium sulphide in aq soln. , * 

1 /' 

10 ° 18 ° 28 ° 87 ° 46 ° 48 ° 50 ° 70 ° 00 ' 

3*36 16*30 17*73 20 98 24 19 26*30 26 70 30 22 36 42 

Na a S9H a O Na a S6H a O 

2 8 


Per cent Na a S 
Solid phase • 
von. n. 
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The unstable phase Na a S 5$H 2 0 has a transition point, Na 2 S.9H 2 0^Na 2 S 5JH 2 0 
-f 3£H 2 0, at 49° when the soln contains 29*3 pex cent Na 2 S, and a transition point, 
Na 2 S.5iH 2 O+iH 2 0^Na 2 S 6H 2 0, at 92° when the soln has 38 per cent. Na ? S, 
The solubilities of the unstable hemihenahydrate at 40°, 60°, and 80° are respectively 
29 92, 31 38, and 33 95 per cent of Na 2 S The equilibrium curve is shown in Eig 37. 
The alkali sulphides suffer hydrolysis in aq. soln : L^S+HgO^LiOH+IaSH, 
and in consequence of the low ionization constant of the alkali hydrosulphide, the 
soln have an a lkalin e reaction, and they show an appreciable partial press of 
hydrogen sulphide The lowering of the f.p of an A-soln. of sodium sulphide is 
given as 3 571° by E W Kuster and E Heberlein. They also find that a ^iV-sodium 
sulphide soln is hydrolyzed 86 4 per cent J. Knox, however, believes that the 
soln is still more hydrolyzed than supposed by E. W. Kiister and E Heberlein ; 
a diluted soln of potassium sulphide is practically a mixture of eq. parts of sodium 
hydrosulphide and sodi um hydroxide This agrees with the observations of 
J. Thomsen on dil. soln of potassium sulphide, and with the observations of A. Bauer, 
H. Rose, and H. Kolbe 

0 Bock’s values for the sp.gr. at 18° (water at 4° unity) and the eq conductivities 
A (18°) of sodium sulphide are . 

Na a S per cent 2 02 5 03 9 64 14 02 16 12 18 16 

Sp gr . . 1 0212 1 0567 1 1102 1 1683 1*1810 1 2158 

A . . . 116 7 97 2 73 7 66 7 46‘0 38 7 

The anomalous change in the eq conductivity with cone is associated with the 
marked hydrolysis which occurs. Similarly for potassium sulphide : 

K a S per cent 3*18 9 93 16 06 24*64 29 97 47*26 

Sp. gr. . . 1*0265 1 0829 1 1286 1 2186 1 207 2 1 4596 

A . , . 139*7 120*3 108 2 80 8 66 2 2*06 

The temp, coeff of the conductivities were also determined. E. W. Kuster found 
that if a fairly cone soln of disodium sulphide is electrolyzed between platinum 
electrodes with an emf. of about 2 volts, yellow films due to the formation of 
polysulphide separate out in the liquid After a time, sulphur suddenly appears 
on the surfaoe of the anode, and then rapidly increases in thickness. The emf. 
rises as the thickness of the sulphur increases, until at a oertam stage the sulphur 
film suddenly breaks away ; the e m.L now falls, and the phenomena recur xu the 
same order. This periodicity is similar to that observed by W. Ostwald during 
the soln of chromium m hydrochloric acid. Apart from the condition of the 
anode and electrolyte, it is found that the e m £, and consequently the current 
strength, must have a certain magnitude before sulphur separates and the periodicity 
appears. On the other hand, the e.m f. must not be too great or the deposit of 
sulphur remains permanently on the anode. The “ critical e m f.” depends on the 
ohemioal composition of the electrolyte, its cone , temp , and its stillness or otherwise. 
In soln of sodium hydrosulphide, no periodic phenomena are observed It is 
suggested that during electrolysis the sulphur liberated at first at the anode is taken 
up by the sulphur ions of the soln. to form polysulphide ions until saturation occurs ; 
sulphur then separates, and the current becomes feeble owing to the resistance of 
the sulphur During the time when the current is feeble, the polysulphide ions 
migrate away from the anode more quickly than they are formed, whilst the mono- 
sulpJude ions (which can take up sulphur) migrate towards the anode and eventually 
break down the layer of sulphur. 

W. P. Bloxam boiled a 20 per cent, soln of pentahydrated potassium sulphide 
for 2 J his. in contact with air ; the evolution of hydrogen sulphide was negligibly 
small, and only traces of polysulphide and sulphite were formed, together with & 
little thiosulphate Only a trace of hydrogen sulphide was evolved when the 
boding was conducted for hrs in a stream of hydrogen gas. Contrary to the 
opinion of H. E. Schone, the boiling soln. is fairly stable. With dil soln. hydrogen 
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sulphide is evolved, and thus potassium sulphide decomposes into potassium hydro- 
sulphide and potassium hydroxide, also in vacuum or when hydrogen is passed 
through the soln. 

Aq soln. of sodium sulphide are oxidized in air, and sodium thiosulphate is 
formed. E Mitscherlich says half the sodium sulphide is converted into thio- 
sulphate, and half into carbonate E. W. Durkee found that thiosulphate is first 
formed m the electrolysis of sodium sulphide soln. and finally sodium sulphate. 

A Scheurer-Kestner and M. Merle did not confirm the intermediate formation of 
the thiosulphate. M. Trautz and K T. Volkmann have also studied the reaction, 
and E. Thomas, the effect of different-coloured light W. G-ossage decomposed 
sodium sulphide into the hydroxide by steam : Na 2 S+2H 2 0=2Na0H+H 2 S. 

J Pedder recommended roasting the sulphide with carbon to convert it into 
carbonate, 2Na 2 S+20+502=2Na 2 003+2S0 2 When the soln of sodium sulphide 
is oxidized with potassium nitrate, G. Lunge and P Pauli found sodium 
thiosulphate is first formed, and at a higher temp the sulphate When oxidized 
with potassium permanganate, M. Honig and E Zatzek found that sulphur, 
Bulphate, and trithionate are formed m the cold, only the sulphate is formed m 
hot soln According to J. Kolb and R Laming, when a soln. of sodium sulphide 
is treated with ammonium carbonate, sodium carbonate and ammonium hydro- 
sulphide are formed; A Stromeyer found that with sodium hydrocarbonate, 
hydrogen sulphide is evolved; J Wilson, C. E WeTckshagen, and 0. Bohringer 
and G. Clemm patented the process for converting the sulphide into carbonate. 

T J Pelouze, G Clemm, and J Kolb studied the action of lime and magnesia. 

T du Motay recommended caustic lime for decomposing sodium sulphide. 

J R. Wagner found that, with aluminium hydroxide, hydrogen sulphide is 
evolved and sodium aluminate is formed ; W H Clayfield (1804) patented the 
use of lead or ziuo oxides for converting sodium sulphide to the hydroxide. ^ 
C. P Pruckner and L Possoz recommended copper oxLde. With cuprous oxide, ” 
sodium thiosulphate and copper oxide are formed ; and, according to G. E. Habich, 
the reaction is faster with ferric hydroxide, and sulphur is precipitated. The use 
of ferric or manganic oxides m converting sodium sulphide to hydroxide was 
patented by J. Wilson (1838), W. Gossage (1059), and E Ellershausen (1890). 
G Lunge says that a soln. of sodium sulphide attacks iron, and the surface of the 
soln is blackened on exposure to air, Eor the action of carbon dioxide on sodium 
sulphide, vide alkali carbonates 

According to A Mourlot, lithium sulphide crystallized m the electric furnace 
is not attaoked by hydrogen even at high temp. , chlorine and bromine attack it 
at ordinary temp. — bromine more slowly than chlorine — and iodine does not act 
below 200°. At 300° oxygen forms hthium sulphate A Mailfert found that 
ozone also converts the alkali sulphides to sulphates Phosphorus does not act 
even at 1000°. In the electric oven lithium sulphide reacts with carbon to form 
the carbide According to J J, Berzelius, molten sodium sulphide attacks glass 
and becomes yellow. According to A. P. Dubrunfaut and A. Scheurer-Kestner, 
calcium sulphide and sodium carbonate axe formed when the eq of one mol of 
sodium sulphide and one mol. of calcium carbonate are heated together. According 
to T. Weyl, sodium sulphide absorbs ammonia when they are put together m a 
sealed tube, an orange-coloured mass is formed and partly dissolved. When this 
mass is heated with water ammonium sulphide is formed. R. Abegg and 
H Riesenfeld found the solubility of ammonia m soln. of sodium sulphide to he 
a linear function of the NagS-conc. , and they measured the ammonia press, of 
tf-soln. of ammonia m sodium sulphide. With soln. containing 0 5, 1, and 
1*5 mol. of sodium monosulphide, the respective press, of the ammonia were 
15 18, 16 94, and 18 55 mm., when the press of the ammonia in iV-aq soln. 
was 13 45 mm. According to W. P Bloxam, r no^assium sulphide is stable at a 
low red heat and doeB not decompose when it tPmelted. P. Berthier stated that 
it is volatilized at high temp. When it is roasted m the air, potassium sulphide 
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bums very slowly, and, according to J J Berzelius and P. Berthier, covers itself 
sTith a layer of potassium sulphate According to A Baudnmont, when potassium 
sulphide is heated in the vapour of phosphorus trichloride, potassium chloride, and 
phosphorus tnsulphide are formed; with phosphorus penta-chloride, potassium 
chloride, phosphorus thiochlonde, and phosphorus sulphide are formed. Potassium 
sulphide forms double compounds with the electronegative metal sulphides. 
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§ 22. The Alkali Polysnlphides 

The alkali monosulphides dissolve sulphur forming polysnlphides. E. Filhol 1 
did not get any polysulp hides by heating a soln of sodium sulphide with sulphur 
in a sealed tube, W. P. Bloxam found that warm sodium hydrosulphide soln. 
dissolved nearly the theoretical amount necessary for forming lTa 2 S 2 , but on 
cooling a large proportion of the sulphur separated out again. According to 
P. Sabatier, a soln of a mol. of sodium sulphide m 18 of water dissolves sulphur 
corresponding with Na 2 +S4 6 , and H. C Jones, by the action of metallic sodium 
on melted sulphur, obtained Na 3 +S 3 34, and he proved that free sulphur was present 
m the latter E. W. Kuster and E Heberlein measured the solubility of sulphur 
in aq. soln. of sodium monosulphide They found the solubility to be almost 
independent of the temp , although between the limits of 0° and 60°, the solubility 
did dimmish very slightly with increase of temp The solubility of sulphur in a 
soln of Bodium sulphide depends greatly on the dilution of the latter. It is greatest 
in a i\2V-soln., where the constitution of the soln. approximates to the formula 
Na 2 +S 5 .24- There is evidence that in the soln. examined no uniform compounds 
are present, but that various substances are in a condition of complex equilibrium 
with one another. All sulphides and polysulphides undergo much hydrolysis in 
aq. soln. The extent of hydrolysis diminishes regularly with increasing amount 
of sulphur in the Boln. It was also found that in aq, soln the tetrasulphide, Na 2 S4, 
is marked by a peouliar stability, an observation confirmed by the work of A Rule 
and J, S. Thomas. P. Sabatier also prepared several polysnlphides by boiling 
sulphur with soln of sodium monosulphide Alcoholic soln of sodium mono- 
sulphide were likewise found by H. Bottger to dissolve sulphur and form di-, tri-, 
tetra-, and penta-sulphides , hut W. P Bloxam was not able to confirm R. Bottgers 
results A Rule and J. S. Thomas found an alooholio soln. of sodium hydrosulphide 
reacts readily with sulphur, giving off hydrogen sulphide and forms polysulphides. 
According to W. P Bloxam, the highest product obtained by dissolving sulphur 
in a soln of potassium hydrosulphide is K4+S9, although hot soln. can take up 
enough for K 2 +S 6 . According to W. Spring and J. Demarteau, the solubility 
3 of sulphur in soln. of potassium monosulphide increases with temp. 0 according 
to the relation; £=/So(l+0 000950 +0*000001930 1 *), where 8 0 represents the 
solubility at 0°. From the way the dissolved sulphur behaves towards mercury, 
ethyl iodide, eto , H. Bottggr and F A. Geuther think that the product should he 
regarded as a simple soln of sulphur in the normal sulphide. 

J S Thomas and A. Rule measured the f p. of mixtures of sulphur and sodium 
or potassium sulphide 5 and W. Blitz and E. Y? like -D oxfuit measured the m.p of 
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mixtures of sulphur with caesium or rubidium The combined results are indicated 
m Table XXXV and graphed separately m the curves, Figs. 38 to 41. Commenting 
on these results, J S Thomas and A. Rule say : 

Table XXXV. — Freezing- and Mextinq Points of Sulphur and the Alkali Metals 


Compound or Eutectic. 

Sodium 

Potassium 

ILubidiuin 

Caesium 

Disulphide 

445 0° 

471 0° 

420 0° 


Di-tri eutectic . 

206 0° 

250 9° 



Tnsulphide . . » 

223 5° 

262 0 ° 

213 0° 

217 0° 

Tn-tetra eutectic 

222 6° 

? (amorphous) 

148 5° 

151 0° 

Tetrasulphide 

275 0° 

> 146 0° 

> 160 0° 

> J60 0° 

Tetra-penta eutectic . 

247 6° 

143 4° 

169 6° 

169 5° 

Pentasulpmde . 

251 8° 

200 0° 

231 0° 

210 0° 

Penta-hexa eutectic . 

— 

182 9° 

189 8° 

178 0° 

Hexasulpbide . 

— 

189 0° 

201 0° 

180 0° 

Saturated solution 

249 6° 

188 1° 

184 6° 

i 

172 8° 


Whilst the polysulphides of potassium, rubidium, and caesium resemble one another 
very closely, the sodium compounds exhibit notable differences Thus, whilst the first- 
named three elements all form hexasulphides and stable pentasulphides, m the case of 



In a ttem P tmg to prepare alkali polysulphides by the passage of hydrogen 
sulphide through an aq soln of the hydroxide in contact with an excess of finely 
sulphur, the resulting soln always contained polysulphide and thio- 
sulphate— nor could the formation of the latter he avoided either hy varying the 

hvXomdi 6 l Sl “?\ rl S also , wI i, en S ^ ]lUr 18 dl S eat6d “In of Slkali 

S , ,’ both polysulphide and thiosulphate are formed Soln of the normal 

ot h / dro g Qn sulphide, hydrosulphide, or hydroxide 
Ted P ol 7 au JP^ de “h when digested warm with sulphur The soln. also 
contain thiosulphate, and it is therefore inferred that m spite of the failure of the 

^ d ^ e j t fe6 v alkah hydroxide, Buoh must he present. Only when 
the sulphur is digested with a soln. of potassium or sodium hydrosulphide is the 
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product free from oxidized sulphur, to wit, thiosulphate Hence, it is wrong to 
assume that it is a matter of indifference whether a soln of the normal sulphide or 
the hy drosulp hide be employed in preparing the sodium and potassium poly- 
sulphides The older methods of preparing the poly sulphides by digesting sul- 
phur with the theoretical amount of alkali monosulphide in aq. so]n , could not 
have yielded the desired polysulphide free from contamination with thiosulphate 
Similarly, the dry methods of preparation — such as that employed by L. N Vauquelin 
for making the lithium polysulphides, by meltmg lithium hydroxide with sulphur 
— do not yield a product free from oxidized sulphur — a carbonate is also frequently 
present. There is no known method of separating the polysulphide from the 
thiosulphate once the latter is formed W Blitz and E Wilke-Dorfurt, however, 
did make definite polysulphides of rubidium and caesium by the action of sulphur 
on the monosulphides H. Bottger claimed to have made a senes of alkali poly- 
sulphides by the action of sulphur on alcoholic soln of the hydrated monosulphide, 
but W. P. Bloxam repeated the experiments and failed to confirm H Bottger’s 
results A Rule and J S Thomas prepared the polysulphides by dissolving 
sulphur in alcoholic soln. of the hydrosulphide 

Virtually noth mg is known about the lithium polysulphides. Sodium tetrasulphide 
is the highest stable sodium polysulphide, although higher ones may be present in 



Fio 40 — Melting Point Curves of 
the Binary System R-b — B 



Fio 41 — Melting Point Curves of 
the Binary System Cs— S 


soln ; potassium, rubidium, and csesium form definite and stable pentasulphide ; 
there is little or no evidence of potassium hexasulphide, although it is possible 
one such exists m soln m a “ looser state of combination ” than is the case with 
the more stable pentasulphide The existence of rubidium an d c fesium hexasulphides 
is indicated on the mp. curves Hence, W. Blitz and E Wdke-Dorfurt say that 
the metal itself has a distinct influence on the number of atoms of sulphur which 
can form a stable complex, and they apply R Abegg and Q Bodlander’s hypothesis 
to account for the formation of higher polysulphides of the alkali metals of higher 
mol wt According to this hypothesis, say A Rule and' J S Thomas, where the 
ionizing tendency imparted to the amon which may normally show a weak ionizing 
tendency, the amon, in order to “ strengthen ” itself, then tends to combine 
with other atoms or groups to form a complex The ionizing tendency of the 
alkali metals increases with inorease of at wt , and m the case of the polysulphides, 
as the at. wt. of the metal increases there appears to be an increase m the number 
of sulphur atoms which go to make up the highest stable complex H *T Hamburger 
and R. Abegg, however, do not consider that the cation has a definite influence 
on the particular number of atoms taken up by the amon to form a complex, but 
only pn the formation of complexes m general, the degree of the substance separating 
out depending on solubility conditions. 
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The alkali disulphides.— J. J. Berzelius 2 prepared crystals of lithium disul- 
phide, Li 2 S 2a by evaporating an aq soln of the hydrosulphide to a syrup and 
removing any carbonate which may be formed. The soln furnished crystals of 
what J, J. Berzelius regarded as hydrated lithium disulphide H Bottger reported 
the formation of crystals of pentahydrated sodium disulphide, Na 2 S 2 5H 2 0, by 
cooling the dark-brown soln. obtained by digesting an alcoholic soln of the corre- 
sponding monosulphide with the theoretical quantity of sulphur on a water-bath 
The access of air to the soln is, of course, prevented during these preparations. 
By working with a soln. containing a little extra sodium hydroxide, and cooling to 
— 10 °, golden-yellow crystals of trihydrated sodium disulphide, Na 2 S 2 3H 2 0, 
were obtained by H. Bottger. Attempts by W. P Bloxam to prepare sodium 
disulphide by treating a soln of the hydrosulphide with the calculated amount of 
sulphur under the influence of heat and in a current of hydrogen sulphide, were not 
successful. A Rule and J. S Price prepared anhydrous sodium disulphide, Na 2 S 2 , 
in the following manner : 

A solution of 2 grms of sulphur in 50 o o of absolute ethyl alcohol was sat with 
hydrogen sulphide ; 4*17 grms of sulphur were added, and the soln was boiled on the 
water-bath for about one hour, a rapid current of hydrogen being passed through it. An 
excess of sodium (4 grms. ) was added to the hot soln , and after boiling for a short time the 
bright yellow precipitate was collected, washed with absolute ethyl alcohol, and dried m 
a vacuum over phosphoric oxide With lower proportions of sodium, the ratios of sodium 
to polysulphide sulphur were rather low — possibly owing to the formation of small quantities 
of tetrasulphide 


A. Rule and J S Price also noted that when metallic sodium is added to an alooholio 
soln of sodium tetrasulphide, there is an immediate separation of yellow crystals 
of the disulphide. 

What were possibly very impure forms of potassium disulphide, K 2 S 2 , were 
reported by P. L Geiger as a yellowish-red crystalline mass obtained by calcining 
two mols. of potassium hydrosulphate with over seven gTam-atoms of carbon ; 
and by J, J Berzelius, as the result of treating potassium carbonate with sulphur 
in a similar manner ; and as a result of exposing to air an alcohoho soln. of potassium 
hydrosulphide. So soon as the surface of Berzelius 9 liquid began to appear turbid, 
owing to the formation of thiosulphate, he evaporated the liquid to dryness m 
vaouo, and obtained what he regarded as potassium disulphide. W. P Bloxam 
did not succeed in making this salt. A. Rule and J. S. Thomas mixed sulphur with 
an alcoholic soln of sodium hydrosulphide, and after driving ofl some of the alcohol 
obtained a yellow solid, which, when dried in vacuo, was not homogeneous and 
contained some unchanged hydrosulphide ; likewise by adding dry ether to the 
same alcoholic soln a white solid was obtained which contained alcohol along with 
sodium and sulphur in the 2 : 2 proportion. S imil ar results were obtained with 
the potassium salt, but very little disulphide is formed A Rule and J. S* Thomas 
found that there is a perceptible maximum in the f ,p. curve of mix tures of potassium 
monosulphide and sulphur, corresponding with amp at about 471°. W. S Dumont 
has described a crystalline dlcoholated potassium disulphide , K 2 S 2 .C 2 H 5 OH. 

W. Blitz and E. Wilke-Dorfurt found that when rubidi um pentasulphide is 
desulphurized by heating it in a current of hydrogen, the rate of evolution of sulphur 
becomes very slow at points corresponding with the disulphide, although the results 
are complicated by the volatility of the disulphide itself When the residue, 
however, is dissolved in water, and evaporated, crystals of monohydrated rubidium 
disulphide, Rb^-HgO — m one case crystals of Rb 2 S 2 2 3 H 2 0 — were obtained. 
The corresponding monohydrated caesium disulphide, Cs 2 S 2 H 2 0, was obtained 
in an analogous maimer The anhydrous sulphides are obtained as just indicated 
by desulphurizing the pentasulphides in a stream of hydrogen, or dehydrating the 
salt which orystaJJizes from the aq, soln Rubidium and oaasium disulphides have 
not been obtained by crystallization from the mixed soln. of sulphur and the 
monosulphides. 
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H. Bottger’s pent ahy drat ed sodium disulphide is described as forming sulphur- 
yellow radiating masses of crystals , P. L G-eiger’s anhydrous potassium disulphide 
as a yellowish-red dehquesoent mass ; W. Blitz and E. Wilke-Dorfuxt’s anhydrous 
csesium and rubidium disulphides as dark-red amorphous very deliquescent masses. 
The hydrated crystals of sodium disulphide, says H Bottger, do not effloresce 
over cone, sulphuric acid, but at 4:5° they lose a portion of the water of crystalliza- 
tion, and at 100° they lose three-fifths of the combined water, and at the same 
time melt to a reddish-brown liquid The melting point of sodium disulphide 
determined by J. S Thomas and A. Rule is 445°, and of potassium disulphide, 
471°; W. Biltz and E. Wilke -Dorfurt’s value for rubidium disulphide is 420°, 
and for oeesium disulphide, 460° The rubidium salt is also said to volatilize over 
850°, and the caesium salt over 800°. P Sabatier gives for the heat of formation of 
sodium disulphide (Na 2 S2aoiid)=Na 2 S 2 aq+104 2 Cals, and Na 2 Saq+Ssohd 
==Na 2 S2&q+l'4 Cals. Eor the heat of solution, P. Sabatier also gives 17 95 Cals, 
at 12° E. W, Kuster and E Heberlein find the degree of hydrolysis of a soln. 
of sodium disulphide to be 64 6 per cent , and the freezing point of a ^-soln. 
-3 016°. 

The fllkali trisulphides. — According to H E Schone, 3 when a mixture of sodium 
carbonate with an excess of sulphur is heated to dark redness in a stream of carbon 
dioxide, sodium trisulphide, Na-gSg, mixed with the sulphate is formed , J J. Berzelius 
used a similar process for making potassium trisulphide, K2S3. J J. Berzelius also 
made the potassium salt by passing the vapour of oarbon disulphide over heated 
potassium carbonate , potassium thio carbonate, K 2 CSg, is formed as an intermediate 
product, and finally a mixture of carbon and potassium trisulphide remains. 
J. J. Berzelius also made the same salt by passing hydrogen sulphide over the 
heated sulphate. J Locke and A. Austell claim to have obtained the same salt by 
wanning metallic sodium with a soln, of the right proportion of sulphur in toluene 
or naphthalene. 0. Hugot also reports that he made potassium trisulphide by 
treating sulphur with a soln of potassium in liquid ammonia The red soln does 
not solidify at —79°, and it is difficult to separate the sulphide from sulphur 
because both are soluble in the liquid H. Bottger poured 149 grins of a 7 6 per 
cent, alcohoho soln. of sodium hydroxide into one of sodium monosulphide, and 
then added 14 3 grms of sulphur The mixture was wanned at 90° on a water- 
bath while excluded from contact with air Masses of golden-yellow crystals of 
trihydrated sodium trisulphide, Na 2 S 3 3H 2 0, separated from the soln. when cooled 
to -10°. 

In spite of these reports, it is really very doubtful if the tnsulphides of potassium 
and sodium have been obtained except m an impure condition W P. Bloxam/s 
attempts to make sodium trisulphide by dissolving the calculated amount of sulphur 
in a soln of sodium hydrosulphide under the influence of heat, and during the 
passage of a stream of hydrogen sulphide were not successful. W. P. Bloxam 
digested a soln of potassium hydrosulphide with sulphur in the proportions required 
for the disulphide, and cone the soln by passing hydrogen sulphide through the 
hot liquid. The resulting product approximated to potassium trisulphide, and 
therefore furnished a higher sulphide than corresponded with the added sulphur. 
When the proportion of sulphur employed corresponded with that required for 
the trisulphide, the product contained approximately K4S7, and was probably a 
mixture. A. Rule and J S Thomas mixed the required proportion of sulphur 
with an alcoholic soln of sodium hydrosulphide and, on the addition of ether, 
obtained a visoid yellow precipitate which proved to be a mixture of the unchanged 
hydrosulphide with sulphur, and a portion of polysulphide With the potassium 
salt, too, when the quantity of sulphur less than that required for the tetTasulphide 
is added to an alooholic soln of the hydrosulphide, very little di- or tii-sulphide 
is formed A Rule and J. S Thomas found that the f p curves of sodium mono- 
sulphide and sulphur, Eig 37, show a break m the curve corresponding with the 
formation of an unstable sodium trisulphide which decomposes below its m.p. 



631 INORGANIC AND THEORETICAL CHEMISTRY 

Similar remarks apply to the f.p. curve of mixtures of potassium monosulphnfe 
and sulphur 

W Biltz and E. Wilke-Dorfurt made reddish-yellow anhydrous rubidium 
trisulphide, Bb 2 S 8 , hy heatmg the pentasulphide m a current of nitrogen when 
the rate of evolution of sulphur becomes very slow at a point corresponding with 
the formation of the trisulphide, ]ust as when heated m a stream of hydrogen, 
the slackening m the speed of desulphurization corresponds with the formation 
of the disulphide. If the product be dissolved in water and re crystallized, fairly 
pure monohydrated rubidium trisulphide, Bb 2 Sg H 2 0, is formed m yellow lustrous 
leaflets. Similar remarks apply to the formation of anhydrous caesium trisulphide, 
Cs 2 S 3 , and of yellow leaflets of monohydrated caesium trisulphide, CsgSg H 2 0. 
Both the anhydrous tnsulphides of rubidium and csesium show well-defined maxima 
on the fusion curves of the alkali metals and sulphur The salts could not be 
prepared m soln by the action of sulphur on soln of the monosulphide. 

J\ J Berzelius said anhydrous potassium trisulphide appears in yellowish- 
biown masses which, Baid H E. Sohone, show the presence of prismatic crystals 
on a fractured surface. W. Blitz and E Wilke-Dorfurt say the anhydrous 
caesium tnsulphides form reddish-yellow to brownish-yellow hygroscopic masses, 
while the monohydrates form yellow plates. A. Buie and J S Thomas give 223 5° 
for the melting point of sodium trisulphide, and 252 0° for the potassium salt, 
and H E Sohone says the molten potassium solid is stable at 900° W. Biltz and 
E. Wilke-Dorfurt give 213° for the m.p. of the rubidium salt, and 217° for the 
caesium salt. H. Bottger says that the crystals of trihydrated sodium trisulphide 
melt at 100° to a liver-brown liquid which loses two-thirds of its combined water , 
he adds that the crystals can be kept unchanged m air for a long time ; and that 
they gradually effloresce even in closed vessels J. J. Berzelius says that an aq 
soln of the potassium salt is brownish-yellow, and that the colour gradually dis- 
appears as potassium thiosulphate is formed, and sulphur precipitated P. Sabatier 
found the heat ol formation of sodium trisulphide (JSra 2j S S goii(i) =Na 2 S 8 aq-fl06 , 4 
Cals ’ Na 2 SaqH-S2aoiid=3 2 Cals. ; and the heat of solution per gram eq at 12° 
is 17 0 Cals E W. Buster and E. Heberlein find the degree of hydrolysis of a 
j^V-sobi. of sodium trisulphide to be 37*6 per cent and the freezing point of an 
A -soln. —2 688° 

The alkali tetrasulphides. — L. N. Vauquelin 4 melted sodium carbonate with 
the calculated amount of sulphur for the ratio 1ST a • S=1 : 2, and extracted from 
the pulverized cake as much sodium sulphate as possible by digestion with absolute 
alcohol. P. Sabatier made the same compound by heatmg sodium monosulphide 
with the calculated amount of sulphur m an atm of dry hydrogen The residue 
was assumed to be anhydrous sodium tetrasulphide, Na 2 S 4 , J. J. Berzelius made 
potassium tetrasulphide, K 2 S 4 , by the action of carbon disulphide vapour on the 
heated sulphate. H. E Sohone made hexahydrated sodium tetrasulphide, Na 2 S 4 6H 2 0, 
hy boiling a soln of a lower sulphide with an excess of sulphur for a short time, and 
evaporating the soln to a syrup m vacuo. The mixture when treated with alcohol and 
allowed to stand in a cool plaoe furnished pale yellow plates. These were washed 
with alcohol and ether, and preserved under ether. The salt is said by H. E Schone 
to give trihydrated sodium tetrasulphide , Na 2 S 4 3H 2 0, when heated between 100° and 
120°.^ H Bottger claimed to have made octohydrated sodiumtetrasulphide, Na 2 S 4 8H 2 0, 
hy digesting an alcoholic soln of sodium hydroxide with sulphur on a water-bath 
The pale red liquid if sufficiently cone, gives orange-red crystalline masses when 
cocfled to 15 . H E Schone obtained trihydrated potassium tetrasulphide, 
K2S 4 3H 2 0, by a method analogous to that employed for the hexahydrated 
sodium salt , and hemihydrated potassium tetrasulphide , K 2 S 4 £H 2 0, is formed on 
exposure in vacuo over sulphuric acid. H E. Sohone also precipitated a yellow 
oil by adding 80 per cent, alcohol to aq soln. of potassium tetra- or penta-sulphide. 
Absolute alcohol extracts water from the oil and causes it to crystallize The 
analyses of the crystals agree with dihydrated potassium tetrasulphide , K 2 S 4 2H a O, 
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and of the oil with oclohydrated potassium tetrasulphide, K 2 S 4 8H 2 0. There are 
serious doubts whether any of the alkali tetrasulp hides here indicated are really 
chemical individuals 

W. P Bloxam did not succeed in his attempts to make sodium tetrasulphide 
by dissolving the calculated amounts of sulphur in soln of sodium hydrosulphide 
under the influence of heat, and during the passage of current of hydrogen sulphide. 
W P- Bloxam also heated a soln of potassium hydrosulphide with sulphur in the 
proportions to form K 2 S 6 , and found the sulphur dissolved on heating and deposited 
again on coolmg The soln contained K ■ S m the proportions 4 . 9, and gave 
crystals of K4S9 nH 2 0, which, when extracted with carbon disulphide, gave mustard- 
yellow tetrapotassium pentasulphide, K 4 S 5 10H 2 O ; similar results were obtained 
with an excess of sulphur W ith sulphur in the prop ort 10ns for K 4 S 5 , only 60 p er cent 
of the hydrosulphide was active, and the product K 2 S 4 yielded K4S5 on treatment 
with carbon disulphide. If the soln of potassium hydrosulphide, with sulphur in 
the proportions required for K2S3 be cone m a stream of hydrogen sulphide, crystals 
of K 2 S 4 3H 2 0 are obtained, and on xecry&talhzation from alcohol, K 2 S 9IH2O 
These results make it doubtful if W P Bloxam isolated a potassium polysulphide 
of undoubted individuality, but when the sulphur is added to the soln. within 
certain limit s, the polysulphide obtained is richer in sulphur than corresponded 
with the sulphur added This is interpreted to mean that there is a tendency for 
the formation of one predominating sulphide, which m the case of potassium is ike 
pentasulphide, and m the case of sodium is probably the tetrasulphide 

By adding sulphur in the proportion required for the tetrasulphide to an alcoholic 
soln of sodium tetrasulphide, A Buie and J S Thomas obtained a deep-red soln , 
which, after boiling for an hour in a stream of hydrogen, and evaporating off most 
of the alcohol, furnished dark yellow crystals of anhydrous sodium tetrasulphide. 
When the experiments were repeated with the potassium salt, crystals of the 
pentaBulphide were obtained, and the amount of hydrosulphide remaining unchanged 
decreased progressively with increasing amounts of sulphur As previously 
indicated, when the proportion of sulphur is less than corresponds with the tetra- 
sulphide, very little di- and tri-sulphides are formed ; and with the value of the 
sulphur above the pentasulphide stage there is no indication of the formation of 
higher polysulphides than the pentasulphide Assuming the reaotion is : 2KSH 
+7iS=K 2 S n+ .i+H 2 S, the amount of unchanged hydrosulphide m the soln. can he 
determined from the volume of hydrogen sulphide evolved It was thus shown 
that the chief product of the action of sulphur on potassium hydrosulphide is the 
pentasulphide, and it is impossible to obtain the lower polysulphides by adding 
an eq. quantity of sulphur to soln. of the hydrosulphide. Similar remarks apply 
to sodium polysulphides, exoeptmg that the stable salt is sodium tetrasulphide, 
and small quantities of higher sulphides are probably present m the soln when the 
cone, of the sulphur is high, but decompose : Na 2 S 5 ->Na 2 S 4 +S as evaporation 
proceeds 

A. Buie and J S Thomas found a well-defined maximum m the f p curve of 
mixtures of sodium monoBulphide and sulphur, corresponding with the formation 
of stable sodium tetrasulphide. Fig 38 ; but with the potassium monosulphide- 
sulphur curve. Fig 39, potassum tetrasulphide appears as an unstable salt decom- 
posing below its m p Similar remarks apply to W. Biltz and E Wilke-Dorfurt’s 
f.p curve of rubidium and sulphur, Fig 40, and of caesium and sulphur, Fig 41. 
Both the rubidium and caesium tetrasulphides appear at their m.p. as unstable 
compounds. Small yellow orystals of dibydrated rubidium tetrasulphide, 
Bb 2 S 4 2H S 0, were obtained from an aq. soln. of the monosulphide containing the 
theoretical amount of sulphur ; and reddish-yellow prisms of anhydrous caesium 
tetrasulphide, Cs 2 S4, were prepared in an analogous manner. No other sulphides 
of uniform composition could be isolated from the monosulphide soln. containing 
variable amounts of sulphur. 

According to A Buie and J. S, Brice, anhydrous sodium tetrasulphide is a 
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dark-yellow crystalline solid with an olive-green tinge , the crystals, suspended in a 
xylene soln of Canada balsam, are perfect cubes According to P. Sabatier, sodium 
tetrasulphide forms a red hygroscopic brittle mass ; H. E Sohone also describes the 
potassium salt as a reddish-brown crystalline mass ; while W. Blitz and E Wilke- 
Dorfurt say the rubidium and ceesium salts are reddish-yellow masses H E Schone 
says hexahydrated sodium tetrasulphide forms hygroscopic pale-yellow crystalline 
plates , H. Bottger describes octohydrated sodium tetrasulphide as for ming an 
orange-red crystalline mass , H E Schone says that tnhydrated potassium 
tetrasulphide forms orange-red plates ; and the hemihydrated salt yellow crystals. 
Dihydrated rubidium sulphide forms pale yellow prisms. 

A Rule and J S Thomas say the melting point of sodium tetrasulphide is 275°, 
and of the potassium salt over 145°. When the sodium salt is heated in a capillary 
tube, it becomes orange-red at 115 o -120°, begins to sinter at about 258°, and forms 
a dark-red liquid at about 267°. H E. Schone says that anhydrous potassium 
tetrasulphide is stable at about 800°, but gives off sulphur at a higher temp , and 
forms the tnsulphide. P. Sabatier says that sodium tetrasulphide is very readily 
oxidized in air, for it is soon covered by a film of sulphur and sodium thiosulphate, 
W Blitz and E Wilke-Dorfurt say that each of the rubidium and caesium salts melts 
above 160° H E Schone says that hexahydrated sodium tetrasulphide melts at 
25°, forming a dark-red syrupy liquid which when heated to 100°-120° loses two- 
thirds of its water, and the resulting Na 2 S 4 2H 2 0 then melts at a still higher temp. ; 
this salt decomposes when heated to redness, water and sulphur are given off, and 
the cold residue of a yellowish-red colour contains polysulphides and a thiosulphate 
H Bottger’s octohydrated sodium tetrasulphide effloresces over cone sulphurio acid, 
and loses a part of its water at 40°, but no sulphur is lost at 100°, although hydrogen 
sulphide is evolved at higher temp. H. E. Schone’s trihydrated potassium tetra- 
sulphide is said to melt when heated in a glass tube, and water, hydrogen sulphide, 
and sulphur are given off The hot molten product is dark brown when hot, and 
much paler when cold P Sabatier gives the heat of formation (Na 2 ,S 4B oiid) 
=98*4 Cals.; (Na 2) S4 S oHd) : =Na2S4aq+108 2 Cals ; (Na 2 S, Stolid) =10 2 Cals ; 
(Na 2 Saq,S8qoi 1 d)=Na 2 S 4 aq-l-5 Cals P. Sabatier also gives (K 2 , Saohd)^ — ® 
Cals; (K 2) S4goUd)=K 2 S4aq-(-117 8 Cals ; (K 2 S,S SBO iid)=K 2 S 4 aq-}-5 2 Cals ; 
(K 2 S,Ss)=12 4 Cals , K 2 S4-1 - ^H 2 0=2 66 Cals. , K 2 S4“f“2H 2 0=5 76 Cals , and 
K 2 S 4 pi 2 0+l£H 2 0=3 1 Cals P. Sabatier also gives 16*1 Cals, for the heat of 
solution of sodium tetrasulphide at 12°, and 4 9 Cals for the heat of formation in 
600 mols. of water at 16*5°. E. Filhol and J B. Senderens } determinations are in 
agreement with P Sabatier’s P. Sabatier gives 3 74 Cals for the heat of soln of 
K2S4 2H 2 0. F W. Kuster and E Heberlem find the degree of hydrolysis of an 
aq. soln of Bodium tetrasulphide to be 11 8 per cent , and the freezing point of an 
N-soln. —2 421° 

The sodium salt is very hygroscopic, and the hygroscopicity appears to increase 
in passing from potassium to ceesium tetrasulphide The tetrasulphidee are readily 
soluble m water , the sodium salt forms a clear deep orange soln which becomes 
dark red when heated ; if exposed to air, the aq soln. soon begins to deposit sulphur. 
Alcoholic soln. behave similarly, and they are even more liable to oxidation by 
exposure to air. An excess of ether precipitates a red oil from the cone alcoholic 
soln., and this forms a viscid, yellow crystalline solid when continuously stirred 
The precipitate is probably a definite alcoholate ; most of the alcohol can be 
removed in vacuo over phosphorus pentoxide Aloohol adheres to t his solid very 
tenaoiously, and if attempts be made to remove the last traces of alcohol by heating 
the salt in a stream of hydrogen a little sulphur is lost. A Rule and J. S. Thomas 
found that pyridine is coloured an intense green m contact with sodium tetrasulphide, 
and the solid slowly changes in colour to bright yellow — possibly a complex is 
formed 

The al k al i pentasulphides. — J. J Berzelius 6 prepared potassium pentasulphide, 

K 2 Sfi, by heating potassium, or one of the lower sulphides with an exoess of sulphur, 
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until the excess vaporized H E Schone added that the temp should not exceed 
600°. M J. Fordos and A G61is say that at 105° a mixture of the monosulphide 
and thiosulphate u formed, and at the higher temp the latter is decomposed mto 
pentasulphido and sulphate : 4K 2 S 2 03=3K 2 S0 4 -|-K 2 S5. E Drechsel also made 
anhydrous potassium pentasulphide by first heatmg potassium carbonate in a 
stream of hydrogen sulphide, then mixing the product with sulphur, and again 
heating the mixture in a stream of the same gas as before J. J. Berzehus heated 
four mols of potassium hydroxide or carbonate with at least 16 gram-atoms of 
sulphur. The reaction with the hydroxide w r as stated to he 6KOH+12S=2K 2 S 5 
+K2S 2 0 3 +3H 2 0 E Mitscherlich says that during the reaction 4K 2 C0 8 d-16S 
=3K 2 S5-|-K 2 S04+4C02, the mixture is very apt to swell inconveniently if it 
contains moisture. The excess of sulphur, however great, can he volatilized, but 
if the temp be not high enough, the excess of sulphur floats as a separate stratum 
on the top of the alkali pentasulphide If the temp does not exceed 250°, all the 
carbon dioxide will be expelled, and a mixture of pentasulphide and thiosulphate 
remains Potassium pentasulphide is soluble in alcohol, the thiosulphate is not 
soluble, and the obvious method of purification haB been employed, but W P Bloxam 
showed that the separation is not so effective because, in the presence of the 
pentasulphide, some thiosulphate dissolves. 

The dry methods of preparation give but a crude product ; equally unsatisfactory 
are the older wet processes J J Berzelius prepared an aq soln of potassium 
pentasulphide by digesting one of the lower sulphides, or hydrosulphide with sxdphur 
until sat , with the hydrosulphide hydrogen sulphide is evolved as sulphur dissolves. 
H E Schone says the action takes place slowly m the cold- -about 3 weeks. Some 
thiosulphate is also formed. H. Rose boiled sulphur with a soln of potassium 
carbonate, and obtained a mixture of the pentasulphide and thiosulphate , similar 
results were obtained with potassium hydroxide H E. Schone prepared hexa- 
hydrated sodium pentasulphide, Na 2 S 5 6H 2 0 — possibly mixed with the corre- 
sponding tetrasulphide — by dissolving sulphur m the monosulphide, evaporating 
the soln to a syrup, and adding alcohol He suggests that the product is possibly 
a mixture of the tetTasulphide with sulphur. H. Bottger dissolved the necessary 
amount of sulphur m a soln of the monosulphide, and, after exposure for some days 
to a winter’s cold, obtained crystals of the tetrasulphide ; the mother liquid, at —5°, 
gave dark orange-yellow crystals of ootohydrated so'dium pentasulphide, K 2 S5.8H 2 0. 
E. Drechsel also prepared the pentasulphide by boiling an alcoholic soln of the 
hydrosulphide with pentasulphide, 2KSH+H2S 6 =K 2 S5+2H 2 S ; and C. Hugot 
made impure sodium pentasulphide by dissolving an excess of sulphur in a soln. 
of sodium in liquid ammonia The red soln. docs not solidify at — 79° , the residue 
left on evaporating the ammonia contains some admixed sulphur which is soluble 
in the liquid 

W. P. Bloxam did not succeed m making sodium pentasulphide by the action 
of the calculated amount of sulphur on the hydrosulphide under the influence of 
heat, and during the passage of a current of hydrogen sulphide. This is confirmed 
by the work of A Rule and J S Thomas, who tried to make sodium pentasulphide 
by dissolving the calculated amount of sulphur m alcoholic soln. of the hydro- 
sulphide, hut found that while a pure sodium tetrasulphide can be obtained when 
Na : S—2 • 4 in the soln , the products with a smaller proportion of sulphur are 
probably mixtures of tetrasulphide with unchanged hydrosulphide, and a larger 
proportion of sulphur the product was heterogeneous. * In W P, Bloxam’s attempt 
to make potassium pentasulphide by dissolving the requisite amount of sulphur 
in a hot aq soln. of the monosulphide, aided by heat, and concentrating the soln. 
in a stream of hydrogen sulphide, he found that the hot soln takes up enough 
sulphur to form the pentasulphide, but some is deposited on cooling, to form a 
stable soln containing K . S m the ratio 4 . 9, but if the hot soln. is oonc in a 
stream of hydrogen sulphide, a soln. is obtained which furnishes crystals of the 
hydrated potassium pentasulphide, K 2 S 6 nH^O, W P. Bloxam accounted for the 
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formation of a .higher polysulphide than can be obtained by the direct Boln of 
sulphur in the hydrosulphide as follows : 

Hydrogen sulphide rapidly decomposes polysulphides, if passed through a cold, sain f 
sulphur being copiously deposited and potassium hydrosulphide formed If, however, 
hydrogen sulphide is passed through a hot soln ot a polysulphide, no deposition of sulphur 
is observed, but the depth of colour is increased It is suggested that some potassium 
hydrosulphide is formed on passage of hydrogen sulphide through a hot soln of K i S fi , 
and that the liberated sulphur, at the moment of its separation, ib taken up by unaltered 
K*S 9 , forming the higher compound K 4 S 10 

W . P. Bloxam’s product, or K 2 S 6 may be a mixture, since it appears as the 

end-member of a series of products, K4S5, E^Se, K4S7, K4S3, K 4 S 9 , and K^q, many 
or all of which are probably mixtures of a polysulphide with the hydrosulphide 
Just aa sodium, tetiasulphide is probably the most stable polysulphide of sodium, 
so potassium pentasulphide is probably the stable polysulphide of potassium 
Consequently, the end-term of Bloxam’s series is probably a true pentasulphide 
A.. Rule and J S Thomas prepared highly satisfactory potassium pentasulphide 
by the following process : 

One gram of potassium, was dissolved m 15 o.c. of absolute ethyl alcohol, and the soln 
was sat with dry hydrogen sulphide 1 64 grins of finely ground recrystallized rhombic 
Bulphur were added, and the soln was boiled gently on a water-bath for about one hour, 
a lapid current oi dry hydrogen being passed through it On the addition of the sulphur 
a vigorous reaction at once took place even m the cold with evolution of hydrogen sulphide, 
and the soln became deep red The sulphur dissolved, and after a short time a bright 
orange-red crystalline solid separated out The soln was cone to about 6 c c , the product 
collected on a filter, sprayed with alcohol, and kept m a vacuum over phosphoric oxide 

A. Rule and J. S. Thomas’ f p. curves of binary mixtures of sodium and potassium 
monosulphides with sulphur — -Bigs. 36 and 39 — show that while potassium penta- 
sulphide gives a well-defined maximum, the maximum with sodium pentasulphide 
is very much flattened. R Kremann has shown that the dissociation of a com- 
pound must be attended by the flattening of the maximum on the freezing or fusion 
point curve, and this the more the greater the extent of the dissociation Hence, it 
is evident that sodium pentasulphide must be very much dissociated because of the 
very slight rise of the maximum. Similar results were obtained by R. Abegg and A 
Hamburger with certain potassium polyiodides. The well-defined maximum observed 
by W. Bfltz and E. Wilke-Dorfurt in the fusion-point curve of mixtures of rubidium 
sulphide and sulphur shows the existence of a stable rnbidium pentasulphide, 
Rb 2 S6, a dark-red crystalline solid which was prepared by melting together one of 
the lower sulphides with the requisite amount of sulphur, and also by the action 
of warm soln of the monosulphide on powdered sulphur and aq alkali hydroxide 
in an atmosphere of hydrogen. Similar remarks apply to csesium pentasulphide, 
Cs 2 S fi , which also shows a well-defined maximum on the fusion curve of binary 
mixtures of caesium and sulphur and which is obtained in an analogous manner 

The hydrated sodium pentasulphides reported respectively by H E Schone 
and H. Bottger are said to form brown or dark orange-yellow crystals , these 
products are probably mixtures of sulphur and sodium tetrasulphide Anh ydrous 
potassium pentasulphide, prepared by the dry process, is said to be a dark yellowish- 
brown solid, and the specimen prepared by A. Rule and J. S. Thomas’ process is 
described as formin g glistening orange-red crystals. W. Biltz and E. Wilke-Dorfurt’s 
rubidium pentasulphide is said to crystallize in dark-red rhombic prisms , and 
the caesium salt to form red crystals Potassium pentasulphide is extremely 
hygroscopic and is rapidly oxidized on exposure to air with the liberation of sulphur ; 
the rubidium salt also deliquesces to a red liquid from which sulphur crystallizes 
out , while the caesium salt is not hygroscopic. 

A^ Rule and J S Thomas give 251 8° for the melting point of sodium penta- 
sulphide, and 206° for that of the potassium salt. When the potassium salt is 
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heated in a capillary tube, it begins to darken at 130° and appears quite blaok 
at 182° , it begins to smter at 200°-205°, and melts not very shaTply at about 
220°. On cooling, the salt passes through similar colour changes in the reverse 
order, and finally assumes its original appearance , there are no signs of any decom- 
position, so that the salt Gan therefore be fused without decomposition H 0- Jones 
says that when sodium pentasulphide is heated it gives off sulphur and forms the 
tetrasulphide W Blitz and E Wilke-Dorfurt give 231° for the m p of rubidium 
pentasulphide salt, and 210° for that of the caesium salt H Bottgcr says that 
the crystals of octohydrated sodium pentasulphide which he obtained lose part 
of their sulphur when heated to 100° m a stream of hydrogen, and at higher temp 
liberated hydrogen Bulphide E Drechsel says that potassium pentasulphide 
burns when heated m air, and it oxidizes to potassium sulphate and Bulphur dioxide, 
and when oxidized slowly m badly stoppered vessels, it forms the thiosulphate and 
sulphur ; when melted m a stream of water vapour, it forms potassium sulphate 
and hydrogen sulphide 

The alleged sodium pentasulphide was stated to dissolve in wateT, and 
H 0. Jones said that when the aq soln is warmed, hydrogen sulphide is evolved, 
forming the thiosulphate . Na 2 S 6 H-3H 2 0=3H 2 S-|-Na 2 S 2 03 E W Kuster and 
E Heberlem give for the degree of hydrolysis of a soln , with the cone of sulphur 
corresponding with Na 2 +S 6 24, to be 5 7 per cent H Buff reported that the cone, 
soln. of sodium pentasulphide is a good conductor of electricity — sulphur accumulates 
about the anode, sodium is discharged at the cathode, and the liquid is at the same 
tune decolorized, forming sodium monosulphide When the soln is decolorized, 
hydrogen and oxygen are liberated at the electrodes, and some hydrogen sulphide 
is formed A. Buie and J. S Thomas found potassium pentasulphide dissolves 
readily m water, forming a red soln which darkens in colour when heated According 
to J J Berzelius, the aq soln of potassium pentasulphide has an alkaline bitter 
taste, and an alkaline reaction According to H Eose, the temp falls as potassium 
pentasulphide dissolves in water. The aq. soln deposits sulphur when exposed to 
air and forms thiosulphate : 2K 2 S5+30 2 =2K 2 S 2 0s+6S W. Biltz and 

E Wilke-Dorfnrt say that rubidium pentasulphide is at once decomposed by 
water while the caesium salt is unaffected Potassium pentasulphide readily dis- 
solves m alcohol, but less readily than in water, forming a red soln which darkens 
in colour when warmed ; if the salt be contaminated with potassium sulphate or 
thiosulphate most of these impurities remain undissolved. According to 
H E Schone, 90 per cent alcohol precipitates a red oil from cono aq soln., and this 
oil is thought to be the octohydrated tetrasulphide, K 2 Sa. 8H 2 0 According to 
A Buie and J. S Thomas, the alcoholic soln deposits sulphur when exposed to 
air , but, according to H C Jones, alcoholic soln deposit sodium thiosulphate 
alone, and aq soln deposit sulphur alone According to A Buie and J S Thomas, 
if potassium pentasulphide be shaken with cold alcohol, a well-defined bright 
yellow alooholate is formed in small monoclinic prisms W. Biltz and E Wilke- 
Dorfurt say that Tubidium pentasulphide remains unchanged under cold alcohol, 
hot ethyl sulphide, or chloroform ; and that the caesium salt can be crystallized 
unchanged from 70 per cent, alcohol. The majonty of organic solvents are without 
action on potassium pentasulphide. Pyridine in contact with potassium penta- 
sulphide is coloured an intense brownish-red and the liquid becomes opaque — 
possibly a complex is formed , and nitrobenzene m contact with potassium penta- 
eulphide is coloured magenta m the cold ; the colour fades when warmed, and the 
salt can he fused below the liquid The colour returns, and the salt remains 
unchanged The red crystals of rubidium pentasulphide behave similarly in 
contact with nitrobenzene ; and they are coloured yellow in contact with carbon 
disulphide, and the latter is slowly absorbed by the salt 

H Bottger has said that when a soln of the alleged sodium pentasulphide is 
boiled with lead hydroxide, it behaves like a mixture of sulphur and sodium mono- 
sulphide, for lead sulphide and sodium thiosulphate are produced ; he adds that in 
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the first stage of the reaction lead sulphide, sodium hydroxide, and sulphur are 
produced, and that the two latter then react to form the thiosulphate When an 
acid is gradually added to an aq soln of potassium pentasulphide, hydrogen 
sulphide, milk of sulphur, and the potassium salt of the acid are formed ; on the 
contrary, if the sulphide he gradually added to an excess of the acid, a potassium 
salt of the acid and hydrogen persulphide, H 2 S 5 , are formed The lower sulphides 
behave in an analogous maimer According to A Duflos, if hydrogen sulphide 
be passed into a soln of the pentasulphide, sulphur is precipitated, and potassium 
sulphide is formed — hence, the affinities are reversed according to the temp. 
L. N. Vauquelin found that the aq soln. of the pentasulphide readily gives up 
four-fifths of its sulphur to many of the heavy metals — very rapidly to cogpet — 
forming the metal sulphide, sulphur, and the alkali monosulphide , similar remaiks 
apply to the action of silver on the dry salt at a red heat — silver sulphide and 
potassium monosulphide are formed. According to M Berthelot, when any of 
the polysulphides are heated to redness in a stream of carbon dioxide, sulphur, and 
a mixture of carbon monoxide, oxysulphide, and sulphur dioxide are formed. 
W. Spring and J. Demarteau say that iodine precipitates sulphur from soln. 
of the polysulphides; the sulphur dissolves m the remaining monosulphide, 
forming the tetrasulphide ; potassium sulphite reacts with all polysulphides, 
forming thiosulphate and monosulphide ; they dialyse uniformly and completely, 
and are not to be regarded as colloidal soln ; and they give ethyl disulphide, 
(CgHs)^, when treated with ethyl bromide or ethyl iodide. Hence, say W. Spring 
and J. Demarteau, one sulphur atom m the polysulphides may be regarded as 
more firmly fixed m the mol than the others, M 2 S S*, when their behaviour with 
inoTgamc substances is considered, and with the alkyl halides behave as if they 
had the formula M 2 S 2 S n , i e . as soln, of sulphur in the disulphides F. W Kuster 
and E. Heberlein regard them as salts of complex thio-acids of the type M 2 S S ft , 
analogous to the complex iodide, MI.I* For the general discussion on the 
constitution of the poly sulphide, vide hydrogen persulphides. 

The alkali hexasulphides. — A Rule and J. S. Thomas’ f p curve of mixtures 
of sulphur and sodium monosulphide. Fig 38, immediately beyond the pentasulphide, 
becomes horizontal, corresponding with the formation of a sat soln of sulphur 
in sodium pentasulphide, melting at 249° , and indicating that the pentasulphide 
is probably the highest polysulphide which can be obtained by fusing together 
sodium monosulphide and sulphur. With the f.p. curve of potassium mono- 
sulphide and sulphur, there is a much-flattened maximum corresponding with 
potassium hexasulphide, K 2 Se, showing that this compound is considerably dis- 
sociated at the m p. — about 189° With more than 7*5 per cent, of sulphur the 
curve becomes horizontal, and with still more sulphur, the mass separates mto two 
layers — a sat. soln. of sulphur in the hexasulphide melting at 188°, and the other 
is virtually sulphur melting at 117 5°. W. Blitz and E Wilke-Dorfurt’s f p. curve, 
Fig. 40, of mixtures of sulphur with rubidium, show that dissociated rubidium 
hesasulphide, Rb 2 S 6 ,is formed, and this compound has been obtained as a brownish- 
xed solid by melting together the requisite amount of sulphur with one of the lower 
sulphides It melts at 201°, and with more sulphur the horizontal curve has a 
constant f.p. at 186 6°, the value for a sat. soln of sulphur in molten hexasulphide, 
Brownish-red caesium hexasulphide, Cs 2 Sq, was obtained m a similar manner. The 
f.p curve, Fig 41, likewise shows that- it is a dissociating sokd melting at 186° , that 
no higher sulphides are formed ; and the subsequent course of the curve has the 
constant m.p. of 172 8° — the value for a sat soln. of sulphur in molten hexasulphide. 
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§ 23, The Alkali Hydrosulphides 

The preparation ol the alkali hydrosulphides. — J. J. Berzelius 1 prepared 
lithium hydrosulphide — presumably impure LiHS — by the action of hydrogen 
sulphide on red-hot lithium carbonate J L Gay Lussac and L J. ThAnard made 
brown masses of sodium and potassium hydxoBulphide, KSH s by heating the alkali 
metal in a current of hydrogen sulphide. The reaction 2 K+2H 2 S->2KSH+H g 
recalls the action of the same metal on water, 2K+2H 2 0->2K0H+H 2 . Consequently, 
the same amount of potassium which, with water, gives one volume of hydrogen 
gas, also gives one volume of the same gas when heated with two volumes of hydrogen 
sulphide According to P. Sabatier, these products always contain polysulphides ; 
with sodium, he obtained a mass of the composition NagS 2 H, and he also made 
the same salt by saturating a soln. of lithium sulphide with hydrogen sulphide, 
and evaporating the product to a syrupy liquid which was dried in vacuo over 
anhydrous potassium carbonate He also gave an analogous process for making 
potassium hydrosulphide. J. J. Berzelius also made sodium hydrosulphide, 
NaSH, by the action of an excess of hydrogen sulphide on a soln of sodium hydroxide. 
W. P. Bloxam sat with hydrogen sulphide a 27 82 per cent, soln of sodium hydroxide 
at 100°. W Biltz and E. Wilke-Dorfurt obtained a soln. of potassium hydro- 
sulphide, KSH, in a similar manner H E. Schdne recommended dehydrating the 
hydrated crystals by evaporating the soln in vacuo or m a stream of hydrogen 
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sulphide, and subsequently dehydrating the crystals at 200° — W P. Bloxam recom- 
mends 415°. C GuSranger stated that crystals of the hydrosulphide cannot be 
obtained by evaporating the soln , because hydrogen sulphide is lost during the 
evaporation and the monosulphide, Na 2 S, is formed. Hence, the soln is cone m 
an atm of hydrogen sulphide In P Sabatier's method, crystals of enneahydrated 
sodium sulphide are sat. with hydrogen sulphide, and the soln evaporated m a 
current of hydrogen sulphide free from air According to W P, Bloxam, the action 
is too slow ; he failed to obtain the desired salt by this process Instead, he recom- 
mended heating the crystals of the enneahydrate, Na 2 S 9H 2 0, to 85°, and saturating 
the fused salt with hydrogen sulphide, when the ratio Na * S m the soln is that 
required for the hydrosulphide with but a slight deficiency — 0T9 per cent. — of 
sulphur The proportion of hydrogen sulphide absorbed depends on the cone of 
the alkali hydroxide, for the more dil the soln the less the proportion absorbed 
According to A Rule, it is very doubtful if the alkali hydrosulphides of a high 
degree of punty have been made by wet processes 

W. P Bloxam also described a method for making the anhydrous alkali hydro- 
sulphides employed by A. Scott for the preparation of anhydrous potassium hydro - 
sulphide In this process, hydrogen sulphide is passed into rectified ether containing 
the alkali metal With potassium, hydrogen is rapidly evolved from the surface 
of the metal which remains quite bright throughout the reaction, and potassium 
hydrosulphide separates as a snow-white powder. The product is washed with 
rectified ether, and on dry mg over sulphuric acid, in vacuo, it is obtained as a pale 
yellow, pulverulent crystalline mass A Rule prepared anhydrous potassium and 
sodium hydrosulphides in a high degree of punty by the action of hydrogen sulphide 
on the alkali ethoxide. 

Two grama of sodium were dissolved m absolute alcohol, freshly distilled over quick 
lime, m a flask fitted with a reflux condenser As sodium ethoxide began to separate out, 
more alcohol was added until just sufficient was present to retain the product m soln at 
the room temp — 4=0 c c wore needed The flask was fitted with a 2-hole stopper fitted 
with delivery and egress tube to which calcium chloride tubes were attached Hydrogen 
sulphide washed m water, and dried by a long column of calcium chloride was passed 
rapidly mto the soln A fine crystalline precipitate formed in the soln , and increased in 
amount with the continued passage of the gas When the soln was sat with gas, the 
precipitate was collected, rapidly filtered, washed with absolute alcohol, and dried in vacuo 
over calcium chloride The precipitate weighed 0 25 grm When benzene or ether is 
added to the soln , a precipitate of pure anhydrous Bodium hydrosulphide is obtained 
This is washed and dried as before. 

For preparing larger quantities of the hydrosulphide it is more convenient to carry 
out the reaction in the presence of an excess of the precipitant — say 5 grins of 
sodium with a mixture of 10 grins of absolute alcohol and 100 c c of pure dry 
benzene, more alcohol is added from time to time to keep the ethoxide in soln until 
all the sodium is dissolved This liquid is treated with hydrogen sulphide as before. 
The reaction seems to be quantitative and to be expressed by the equation : 
C 2 H 5 0 Na+H 2 S=C 2 H 50 H+NaHS , potassium salt is prepared m a similar manner 

W Biltz and E Wilke-Doifurt piepaied rubidium hydrosulphide, RbSH, by 
the method used by J J Berzelius for lithium hydrosulphide ; they also prepared 
caesium hydrosulphide, CsSH Both salts crystallized in about a week from 
the aq soln , m vacuo over calcium chloride, in white lustrous very deliquescent 
needle-like crystals of the anhydrous salts. 

Two hydrated sodium hydrosulphides have been prepared According to 
W P. Bloxam, dihydrated sodium hydrosulphide, NaHS 2H 2 0, is formed by 
evaporating the cone soln m a stream of hydrogen sulphide until crystals separate 
on rapid cooling j and also by evaporating a cone soln over sulphuric acid, 
R Bottger regards this as hemitnhydrated sodium hydi osulfhide, NaSH l£H 2 0 
W P. Bloxam says that tnhydrated sodium hydrosulphide, NaHS 3H 2 0, is formed 
in large colourless crystals when the dihydrate is allowed to stand for a long time 
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in the mother liquid The same crystals were aho prepared by A Baudrimoxii. 
According to H E Schone, the evaporation of a cono. soln. of the potassium salt 
in vacuo over oalcium chloride and solid potassium hydroxide furnishes colourless 
transparent rhombohedxal crystals of tetartahydrated potassium hydrosulphide, 
KSH JH 2 0 , while W P Bloxam, and P Sabatier obtained hemihydrated potassium 
hydrosulphide, KSH £H 2 0, under similar conditions It is therefore not clear 
whether the salt is 4KSH H 2 0 ox 2KSH H 2 0 

The properties of the alkali hydrosulphides.— According to A Rule, the anhydrous 
alkali hydrosulphides form white, granular, pulverulent crystals, less pure forms 
are tmged yellow. The white colour often acquires a pale-yellow tinge during 
washing and drying According to W P. Bloxani, dihydrated sodium hydrosulphide 
forms colourless prismatio crystals, and the trihydrate, large, colourless, lustrous 
ihombs He adds that the trihydrate is to be regarded as the more stable form 
According to H E Schone, the hydrated potassium salt forms transparent, colourless, 
lustrous, rhombohedral crystals The white crystals of the alkali hydrosulphides 
may turn yellow on exposure to air Lithium hydrosulphide becomes dark brown 
when heated , and molten potassium hydrosulphide appears to be black, the molten 
hydrate solidified to a flesh-coloured crystalline mass W P Bloxam gives 455° 
for the melting point of anhydrous potassium hydrosulphide At 450°, the edges 
of the crystals were fused, at 510° the mass formed a tranquil liquid. No gas was 
evolved at 560°, and no signs of the reaction 2KSH=K 2 S+H 2 S appear, hence, 
adds W P. Bloxam, potassium hydrosulphide is therefore stable on exposure to 
heat, and in this respect will bear comparison with the oxygen analogue KOH. 
According to P Sabatier, silica vessels are attacked by the fused alkali hydrosul- 
phide Tnhydrated sodium hydrosulphide was found by W P Bloxani to have 
the m p 22 ° ; and when heated to 360°, it loses 20 53 per cent of sulphur. 
W. P. Bloxam found the crystals of hemihydrated potassium hydrosulphide to be 
stable in vacuo, or when heated up to 170°, but between 170° and 200°, they lose 
their water of crystallization and a little hydrogen sulphide, while the residue is 
mainly potassium hydrosulphide H. E. Schone and P Sabatier dehydrated the 
potassium salt by heating it to 200° m a stream of hydrogen sulphide 

J. Thomsen gives for the heat of formation with solid sulphur (Li,S,H)aq, 
66 08 Cals ; (Na,S,H)aq, 66 49 Cals , and (K,S,H)aq, 65 1 Cals. P Sabatier 
gives Na 2 S+H 2 S gM =NaSH+9 3 Cals , for the corresponding reaction with 
K 2 S, 19 to 20 8 Cals , and 2NaOH+2H 2 Sgas=2H 2 O gaa -l-2NaSH+16 3 Cals 
Similarly, for 2K+H 2 Sgafl+Saoiia=2KSH+128 Cals , and KOHaq+H 2 Saq 
=HSHaq+7 7 Cals P Sabatier’s value for the heat of hydration is 
NaSH+2H 2 0hnma=Na,SH 2H 2 0+5 93 Cals , and with solid water, 3 07 Cals 
The heat of solution found by P Sabatier is 4 4 Cals, for NaSH, between 10° and 
16° , — P53 Cals for NaSH2H 2 0 at 17*5°; B. de Eorcrand gives —1 50 Cals. 
P. Sabatier gives for the heat of soln. of KSH, 0 77 Cals. ; and for KSH+O'B^Ouqnid 
=0 62 Cal. The latter number does not agree with the former when it is remembered 
that the water is lost only towards 200° Probably the former is too low The 
heat of dilution of a soln. NaSH+4*47H 2 0 is —0*72 Cal , of a soln. NaSH+5*68H 2 0, 
—1 00 Cal , and the value decreases steadily for more dil soln , becoming zero 
with NaSH+200H 2 O. P. Sabatier gives for the heat of the reaction 
NaSHaq+HClaq=NaClaq+H 2 Saq+6 00 Cals. 

The solid alkali hydrosulphides are hygroscopic, and readily soluble m water. 
The soln. of potassium hydrosulphide has a smell of hydrogen sulphide, has a strong 
alkaline reaction, and tastes alkaline and bitter. O Bock’s values for the specific 
gravities of soln of potassium hydrosulphide of different cone , at 18° (water at 
4° unity), are indicated below F. M Raoult gives 0*648° for the lowering of the 
freezing point peT gram of anhydrous sodium hydrosulphide in 100 grins, of water, 
and the mol lowering is therefore 36 3 J W. Walker calculates that the degree 
of hydrolysis of —ZV-soln , at 25°’ is 0 14 per cent. J. J. Berzelius believed that 
the aq soln. of potassium hydrosulphide is not decomposed on boiling, and, in the 
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preparation of the salt, the latter recommends boiling the soln. to free it from an 
excess of hydrogen sulphide, and evaporating it to dryness. On the contrary, 
L. J TMnard says that the aq. soln. is decomposed on boilmg E Dreohsel says 
that hydrogen sulphide is given off from the aq soln at 70* ; D. Gemez says that 
the soln. loses hydrogen sulphide when a stream of air, hydrogen, or nitrogen is 
passed ; and H. E. Sohone that by boiling the soln. 14 hrs., potassium hydrosulphide 
is for the most part decomposed into the monosulphide, since boiling soln lose 
hydrogen sulphide continuously and slowly. H. E Schone says that if boiled long 
enough the hydrosulphide or sulphide would he ultimately converted into the 
hydroxide. W. P Bloxam found that when a 20 per cent. soln. of the hydrated 
salt, KSH plgO, was boiled vigorously for 1J hrs. in a stream of hydrogen, only 
1 05 per cent of the salt was lost by the escape of hydrogen sulphide Hence, 
H. E. Sohone’s statement is probably wrong, and neither of the equations 
2KK3— K 2 S+H 2 S, or 2KSH+2H 2 0— 2KOH+2H 2 S, represents the decomposi- 
tion of the salt in boiling aq soln Similarly, W. P. Bloxam found that while an 
aq. soln of sodium hydrosulphide is less stable than one of potassium hydrosulphide, 
M it is not true to say that a soln of sodium hydrosulphide, on boihng, becomes 
converted into one of the monosulphides, Na 2 S 55 

According to P. Bunge, the electrolysis of potassium hydrosulphide furnishes 
sulphur and hydrogen sulphide at the positive pole and hydrogen at the negative 
pole. According to 0. Bock, the specific electrical conductivities of soln. of potassium 
hydrosulphide and the temp, coeff. of the oonduotivity at 18°, are : 

Per cent 4*09 7 86 15*08 133 43 39 22 51 22 

Sp gr . . . . 10232 10456 1*0889 1 2124 1 2428 1 3226 

Specific conductivity . . 0*0535 0 1039 0 1928 0 3749 0 3982 0 4003 

Temp, coeff. . . . 0*0219 0*0207 0 0191 0 0178 0 0178 0 0189 

The effect of an excess of hydrogen sulphide has very little influence on the solubility 
of potassium hydrosulphide because, as Y. Rothmund has indicated, this salt is 
too little ionized for the slightly dissociated hydrosulphurio aoid to have an 
appreciable influence on the solubility. 

The soln. of potassium hydrosulphide is oxidized in the air and becomes yellow 
while potassium sulphide and potassium hydroxide axe formed, and later potassium 
thiosulphate. E. Eilhol also found that very dil soln. of sodium hydrosulphide 
furnish polysulphides with the deposition of sulphur and the formation of sulphate 
The action of the carbon dioxide in the air displaces a little hydrogen sulphide ; 
if potassium hydrosulphide be exposed to air, free from carbon dioxide, no hydrogen 
sulphide is evolved. Carbon dioxide acts rapidly on the salt or on its aq. soln. 
with the evolution of hydrogen sulphide and the formation of the corresponding 
carbonate. As a result, a very slight absorption of hydrogen sulphide is observed , 
the salt, however, remains quite white. When sulphur is dissolved m the soln. of 
alkali hydrosulphide ; hydrogen sulphide is evolved, especially when heated. 
W. P Bloxam studied the action of sulphur on aq. soln of potassium hydrosulphide, 
and he did not succeed in isolating any compound of undoubted chemical indi- 
viduality. He showed that sulphur dissolved by the soln. reacts with only a portion 
of the hydrosulphide yielding a polysulphide richer in sulphur than corresponds 
with the dissolved sulphur. The circumstance is probably due to the tendency of 
the soln. to form one predominating polysulphide. Acids displace hydrogen 
sulphide, and if air has access to the soln sulphur is precipitated. The hydro- 
Bulphides are soluble m alcohol. A Rule and J S Thomas found that alcoholic 
soln of sodium or potassium hydrosulphide can dissolve sulphur to an extent 
, represented by the formula Na 2 S 6 . 9 or K 2 S 6 9 , but the soln. furnish only the 
anhydrous potassium pentasulphide, K 2 & 5 , or anhydrous sodium tetrasulphide, 
Na 2 S 4 . 
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§ 24. Ammonium Sulphides. 

According to H Kopp, 1 the preparation of the volatile compounds of sulphur 
has been known from very early times ; “ Basil Valentine,” for example, said a 
blood-red oil is formed when a mixture of common sulphur, quicklime, and sal- 
ammoniac is distilled ; and m the seventeenth century J Begum used a similar 
method of preparation, and the produot was known for a time as spiritus Jumans 
sulphur atus, or spiritus sulphuris volatihs Begmm E. Boyle also drew attention 
to the power this liquid possessed of blackening the metals, and he termed it the 
volatile tincture of sulphur, and for some years afterwards the liquid was called 
liquor Jumans Boylei . F. Hoffmann recommended the use of the liquid medicinally, 
and it was then called tinctura sulphuris volatilis Fr Hojfmanm . F. Hoffmann also 
knew that omnabar is foimed by the action of the liquid on mercury. The liquid 
is a mixture of ammonium hydrosulphide and of several ammonium polysulp hides. 
H Boerhaave noted that aqua ammonia can dissolve flowers of sulphur, and on 
account of the similarity m the action of this liquid and liver of sulphur on metal 
salt soln , it was called volatile liver of sulphur. G Caloagni found 100 o c of aqua 
ammonia can dissolve 1*367 grms of sulphur. E Kirwan (1786) also described the 
preparation of this product by leading what he called hepatic air , that is, hydrogen 
sulphide, into aqua ammonia. Volatile liver of sulphur is made by distillation 
from a mixture of sulphur with twice its weight of ammonium chloride (phosphate 
or sulphate), and also of lime J L. Gay Lussao says that free ammonia is first 
given off, then follows ammo mum hydrosulphide in crystals which afterwards 
dissolve in the dark yellow distillate C. L Berthollet (1796) and L N. Vauquelin 
(1817) also studied the product. The distillate fumes in air, but not m hydrogen, 
oxygen, or nitrogen , it can dissolve more sulphur, forming an oily liquid which 
does not fume, and which deposits some sulphur when mixed with water 

The preparation of ammonium hydrosulphide. — In his memoir, Sur qudques 
combinaisons ammoniacales et sur le role que joue V ammoniaque dans les reactions 
chirmques (1838), A. Bineau 2 showed that hydrogen sulphide and ammonia gas 
unite at ordinary or more elevated temp, volume for volume to form colourless 
needles or scales of ammonium hydrosulphide, NH 8 +H 2 S=NH 4 SH. The com- 
bination occurs m equal volumes, says A. Bineau, in whatever proportions the two 
gases are mixed A. Bineau prepared the compound by passing the two gases in 
equal volumes into a vessel surrounded with ice and previously filled with hydrogen 
or ammonia gas. W. P. Bloxam’s directions are : 

A wide-mouth bottle is fitted with a cork and two glass tubes to serve as inlets for 
the hydrogen sulphide and ammonia respectively, whilst a third tube serves as an outlet 
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for the escape of gases On passing the gases, a mm onia being m excess, into the bottle 
cooled with ice, colourless needles and scales are formed ; but the greater portion is deposited 
on the sides of the bottle as a white, porcelain like mass 

According to W. P Bloxam, ammonium hydrosulphide can be prepared by this 
method in a state of purity, provided the volumes of gases are equal, or if the 
hydrogen sulphide is m slight excess, but not if the ammonia is in excess An 
aq soln of the salt can be made by treating aq amm onia with an excess of hydrogen 
sulphide. W P. Bloxam showed that the combination does not then necessarily 
take place m equal proportions ; the more cone the ammonia soln , the smaller the 
relative proportion of hydrogen sulphide taken up by the ammonia, and com- 
pounds of the type (NH^S wNH^SH aie formed Thus, he found that by leading 
a current of hydrogen sulphide into aqua ammonia of sp gr. 0 88, when the volume 
ratio of aqua ammonia water was : 

NH*SH : (NH 4 ) a S . 1 J l.J 1:1 1.2 1:3 14 1.5 

Union, NH 3 H a S . 1 . 0 33 1 : 0 90 1 : 0 90 1 0 95 1 : 0 95 1 1 1 1 

Consequently, the ammonia (sp gr 0 88) must be diluted with at least four times 
its volume of water in order that the hydrogen sulphide and ammonia may unite 
in equal volumes The quantity of hydrogen sulphide taken up by one mol of 
ammonia does not vary continuously with the cone , but remains constant, 
NHg : H 2 8=l . 1 for wide limits when the dilution exceeds 1:4 It follows from 
the fifth of the above experiments that the most cone soln contains less than 19 
per cent of ammonium hydrosulphide, NB4HS, and that corresponding with the 
1 ; 4 dilution contains 16 per cent NH4HS , consequently, the most cono aq. soln 
of amm onium hydrosulphide which can be prepared by this process contains between 
16 and 19 per cent of that salt 

W. P. Bloxam does not recommend the preparation of this salt by passing 
hydrogen sulphide into an alcoholic soln of ammonia because a complex salt, 
(NH^S WNH4S, is obtained, and the crystals contain alcohol E Laming made 
an aq soln of ammonium hydrosulphide by heating ammonium carbonate or gas 
liquor with sodium sulphide ; P Spence, by heating the tank waste from the 
Leblanc soda process ox gas lime with ammonium salts m a stream of steam , and 
J J. Berzelius recommended subliming a mixture of ammonium chloride and 
potassium sulphide — not in excess. 

The properties of ammonium hydrosulphide. — According to A. Bincau, 8 the 
sublimate forms colourless needles or plates, and W P Bloxam obtamed it as a 
white porcellanous mass The salt volatilizes and sublimes at ordinary temp., 
and it reacts alkaline and smells both of ammonia and of hydrogen sulphide The 
vapour density of the mixed gases at 56 7° is 0 884 ; H St. 0 Deville and L Troost 
found 0 89 when the calculated value for a mixture is 0*88 above 50°, therefore the 
vapour of ammonium hydrosulphide is only a mixture of ammonia and hydrogen 
sulphide, otherwise expressed, the compound in vaporizing is dissociated, 
NByHS^H^S+NHs E Engel and M Moitessier removed almost all the ammonia 
from the mixture by means of charcoal ; and at low temp water removes almost 
all the same gas leaving hydrogen sulphide as a residue As F Isambert showed, 
these experiments do not give any indication of the extent of the dissociation, 
since, in the balanced reaction, as ammonia gas is removed from the system more 
of the compound would be dissociated to restore the balance A Horstmann found 
that at 57° there is no change m the density of mixtures of different proportions of 
the two component gases The same result was obtamed by G Salet. E Isambert’s 
compressibility measurements show that the dissociation of the gas is practically 
complete. The product pv was measured at different press for mixtures of the 
component gases at 33° and 40° The quotient pv/piV x at a constant temp for 
1 to 2 atm. has a value between 1 007 and 1 008 Consequently, it is not likely 
that the gases undergo any marked combination, for if they did, the quotient 
would have a larger value. 
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A mixture of ammonia and hydrogen sulphide does not unite if the press, is 
less than a certain critical value, which depends on the temp If the press, is at 
or above this value crystals of ammonium hydrosulphide are formed , if the press, 
be increased, more crystals will form, and if the press be reduced, crystals will 
decompose When the two gases are present m eq amounts this press is called 
the dissociation pressure of the sohd In the present case, it the vapour phase has 
the same composition as the sohd with which it is in equilibrium, the system is 
umvanant, and there is a definite dissociation press, for each temp E. Isambert 
found the dissociation press of ammonium hydrosulphide, in mm of mercury, 
increases rapidly with a rise of temp : 

4 2° 10 1° 15° 28* 32 1° 82 5° 8S 6° 39 3° 44° 

Vap. press . . 132 184 269 688 748 772 919 1160 1600 

J Walker and J. 8 Lumsden’s results are m agreement with F. Isambert’s. If 
ammonia or hydrogen sulphide be m excess, a two-component system is formed 
and there should be a senes of press, for each temp , or a series of temp for each 
press , at which the system is m equilibrium If the cone of one of the components 
at a given temp, be varied, the cono of the other component as well as the total 
press, of the system will vary, and the relation between these different quantities 
will be given by the mass law If C 1 and 0 2 be the respective cone of the ammonia 
and hydrogen sulphide, then in the reaction : NH 8 +H 2 S^NH 4 HS, where the 
ammonium hydrosulphide is a sohd, with a neghgbly small vap. press , C 1 0 2 ==a 
constant , and if and p 2 be the respective partial press of the two gases, and the 
partial press of a gas is proportional to its cone. (Boyle’s law), constant 

It follows that if jp x he greater than p 2 or p 2 greater than p l9 the product will he 
less than when Pi=JPz This means that an excess of either gas will hinder the 
dissociation of the sohd A Horstmann, J Walker and J. S, Lumsden, and 
J. P. Magnusson have studied the dissociation press of ammonium hydrosulphide , 
and J. Walker and J S Lumsden, the vap press, of the alkylammomum hydro- 
sulphides For ammonium hydrosulphide, J P. Magnusson finds (1) the mass 
law describes the relation between the partial press, of the ammonium and hydrogen 
sulphide over a range of 95 cm partial press, and at one temp., namely 20°, when 
corrections are made for adsorption. (2) The deviations from the mass law, 
observed when ammonia is present in excess, are due to adsorption of the gas on 
the surfaces with which it is m contact, chiefly on the solid ammonium hydro- 
sulphide (3) The deviations from Boyle’s law in the case of ammonia have been 
shown to depend on a time factor, thus showing an interesting bearing of the above 
experiments on our conception of the so-called imperfect gases. 

The melting point of ammonium hydrosulphide m a closed vessel was found by 
E. Bnner to be 120° , and, m the presence of an excess of hydrogen sulphide, the 
m p. is a triple point . NH 4 SH^H 2 S+NH 3 , and the equilibrium constant is 
K = 0 04 at 22°. The heat of vaporization of the solid hydrosulphide, in consequence 
of dissociation, will be equal to the heat of formation of the solid from the com- 
ponent gases, viz , 22 4 Cals , as found by J. Thomsen According to F Isambert, 
the heat of vaporization between 77° and 132° is 23 Cals., and, according to 
J. H. van’t Hoff, calculated between 9 5° and 25’1° at constant press., 22 7 Cals. 
J. Walker and J. 8. Lumsden find that the value of this constant increases with 
a rise of temp , being 19 7 Cals, between 4‘2° and 18°, and 22 0° between 30 9° 
and 44 4° 

J. Thomsen gives 39 03 Cals for the heat of formation of the crystalline salt 
(N,H 5 ,SaoUd)* and with gaseous sulphur, 53 85 Cals. M. Berthelot gives 42 4 Cals, 
for the latter, and for (NH 3 ,H 2 8), 23 0 Cals , while J Thomsen gives 22 63 Cals 
The latter also gives for aq. soln. of the salt, (N,H 4 ,S,H,aq), 50'6 Cals., for 
(NH 8 ,S,H 2 ,aq), 23 89 Cals. ; and for (2H 2 Saq,2NH 3 aq), 6T9 Cals. M Berthelot 
gives °'25 Cals for the heat of solution of one part of ammonium hydrosulphide 
w 60 to 100 parts of Tyater. F. M. Raoult found the lowering of the freezing point 
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of a gram Df the salt in 100 grms of water to be 0 703°, and the mol. lowering of 
the i p., 35 9 

W. P Bloxam found ammonium hydrosulphide to dissolve in water more 
slowly than the monosulphide, forming a colourless soln The laboratory reagent, 
known as ammonium hydrosulphide or ammonium sulphide, changes on contact 
with air. The soln. prepared by saturating aqua ammonia with hydrogen sulphide 
is at first colourless, but on exposure to air, it soon acquires a yellow colour owing 
to the formation of polysulphides. On prolonged exposure to air, the yellow soln. 
loses its colour, and deposits sulphur , and when an acid is added, hydrogen sulphide 
is evolved, and sulphur deposited Similarly, also the colourless soln of ammonium 
hydrosulphide acquires a yellow colour on exposure to air in consequence of the 
formation of the thiosulphate, and, as pointed out by L. J. ThSnard, of poly- 
sulphides ; with a still longer exposure to air, the soln becomes colourless, and 
sulphur is deposited 

According to W. P Bloxam, a number of hypotheses have been suggested to 
explain the changes which occur in the oxidation of the soln : (1) One hypothesis 
assumes that ammonia, water, and sulphur are first formed, and that part of the 
latter unites with some of the unchanged hydrosulphide, forming the disulphide, 
(NH 4 ) 2 S 2 , part forms the thiosulphate, and the remainder is precipitated 

(2) Another hypothesis assumes that the hydrosulphide is directly oxidized forming 
mol proportions of thiosulphate and disulphide , the latter colours the soln. yellow, 
and during the decolonzation of the soln. sulphite and sulphate are formed. 

(3) According toW P. Bloxam’s hypothesis, (l) only polysulphides are formed in 
the first stage of the oxidation, for the aq. soln decomposes into amm onia, water, 
and hydrogen sulphide, the latter is oxidized to water and sulphur , the sulphur 
unites with the undecomposed ammonium hydrosulphide, giving off hydrogen 
sulphide, and forming a polysulphide There are no grounds for assuming that 
(N0 4 ) 2 S 2 is the only polysulphide whioh is formed. The action continues until the 
highest polysulphide mixture possible for the given cone is formed. The yellow 
colour of the soln. is then at its maximum intensity, and no oxidized sulphur is 
present, (n) In the second stage of the oxidation, the poly sulphides are decom- 
posed by the oxygen of the air : (NH 4 ) 2 Sn+0=2NH 3 -f H 2 0+S*. (m) In the 
third stage, the liberated sulphur reacts with a mm onia, forming ammonium 
sulphite and hydrosulphide : dNHs+SHaO+SS^CN^gSOs+SN^SH. (iv) In the 
fourth stage, the sulphur reacts with the sulphite to form a thiosulphate, or with 
ammonium hydrosulphide to form a polysulphide The end-product of the oxidation 
is ammonium thiosulphate, no sulphate appears to be formed. W. P Bloxam also 
studied the analytical methods available for detecting the different ammonium- 
sulphur compounds in the presence of one another. 

C M. Wetherill found that ammonium hydrosulphide is soluble m alcohol, 
and the alcoholic soln gradually decomposes m a badly stoppered bottle, forming 
ethyl sulphide, ammonia, and crystals of sulphur W P. Bloxam emphasizes 
that great care should be taken to avoid the inhalation of the vapours of the 
ammonium-sulphur compounds, since marked physiological effects are produced, 
even when but small quantities are present in the air respired. Vapours of the 
ammonium sulphides produce much more serious effects than hydrogen sulphide, 
the toxic effect being greater in proportion to the volatility of the sulphide ; the 
most dangerous compound is the volatile, oily liquid, a mm onium diammmo-mono- 
sulphide, (NBy 2 S.2NH a 

The preparation o£ ammonium monosnlphide, (NB^^S — A Bineau 4 prepared 
this salt hy passing dry hydrogen sulphide, mixed with twice its volume of dry 
ammonia gas, through a tube cooled to —18° . 2NH 3 +H 2 S=(NH 4 ) 2 S ; while, if 
a greater proportion of ammonia be present, the excess remains uncombined , and 
ordmat y tern p., only the hydrosulphide is formed : NH 3 +H 2 8 
— Nid^SH W. P. Bloxam has shown that these statements are not correct If 
a mixture of the dried gases with a considerable excess of ammonia be conducted 
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into a flask cooled to — 18°, not only mica-like crystals of ammonium monosulphide 
appear, but a white mass of ammonium hydxosulphide and fern-like crystals of 
what W. P. Bloxam considers to be (NH 4 ) 2 S wNH 4 HS, are also produced. When 
removed from the freezing mixture, the crystals of ammonium monosulphide decom- 
pose with the evolution of ammonia ; if iced- water he added to the contents of 
the flask, the monosulphide rapidly dissolves, while the white porcelain mass of 
hydrosulphide passes into soln rather slowly Hence, if the liquid be decanted 
immediately, analyses of the soln show that the ratio NH S : H 2 S is as 2 : 1. If a 
still greater excess of ammonia be employed an oily liquid of the composition 
(NB^S^NHg — ammonium diamm in o -sulphide — is formed However, by carefully 
adjusting the volumes of the gases and the rate of flow, it is possible to prepare 
ammonium monosulphide in micaceous crystals 

The usual method of making a soln of ammonium monosulphide is to divide 
a quantity of aqua ammonia into equal parts, one part is sat with hydrogen sulphide, 
and then mixed with the untreated part. W. P. Bloxam has pointed out that cone, 
soln of this salt cannot he prepared m this way because the cone, is limited by the 
need for diluting the soln , so that the hydxosulphide may be formed, without the 
complex (NII^S ^NH^SH. If the latter were to be produced, the mixed soln. 
would contain an excess of ammonia, and the complex might not be resolved into 
ammonium sulphide when mixed with the aqua ammonia W P. Bloxam further 
showed that the other method for making the soln., namely, by passing hydrogen 
sulphide in quantity just sufficient to form ammonium monosulphide, entails 
analysis of the soln. at intervals, in order to guard against the introduction of 
excess of hydrogen Bulphide He says that it is possible to determine qualitatively 
ox quantitatively any excess either of ammonia or of hydrogen sulphide over and 
above that required to form airnnonnftn monosulphide by the method of E. Divers and 
T Shimidzu with manganous sulphate, or preferably with copper sulphate, the 
copper salt giving the sharper reaction The following reaction is stated to occur 
with ammonium hydrosulphide : 2CuS0 4 +2KH 4 SH ~ 2 CuS+ (NH 4 ) 2 S04+H 2 S0 4 ; 
and with ammonium monosulphide : CuS0 4 + (NH 4 ) 2 S =CuS + (NH4) 2 S0 4 , and 
also 2CuS0 4 +(NH 4 )2S+2NH^0H=CuS+Cu(0H)2+2(NH 4 ) 2 S04. The examina- 
tion conducted is as follows : 


An excess of a soln of recrystalhzed cupno sulphate (1 0.0 = about 0 1 grm. CuS0 4 ) 
is placed m a flask, water is added, and the soln to he examined is run in The flask is 
dosed by a tightly fitting cork, and the flask and contents shaken , the reaction is very 
sharp, and the air in the flask, after once shaking, is invariably free from hydrogen sulphide 
The supernatant hquor is filtered, and the precipitate remaining in the flask is washed with 
hot water by decantation until free from acidity and copper salt The filtrate is allowed 
to cool, and titrated with decmonnal soln of potassium hydroxide If the first drops produce 
a turbidity, showing that the mixture has not become acid, ammonia soln is added to the 
precipitate remaining in the flask, which is well shaken On filtering, a deep blue soln is 
obtained, showing that an excess of am mom a over that required to form ammonium 
monosulphide was present A soln. containing ammonia and hydrogen sulphide in the 
exact proportions required by ammonium monosulphide develops no acidity, and the 
precipitate, after treatment with ammonia, does not yield a blue filtrate. To determine 
any excess of ammonia quantitatively, it is only necessary to add to the oupnc sulphate 
soln. m the flask an excess of standard acid, and to proceed as above, the difference between 
the acid taken and that f ound by titration corresponding to the excess of ammonia present 

Hence, to prepare a cono soln. of ammonium monosulphide, a current of washed 
hydrogen sulphide is passed into oono aqua ammonia cooled to 0° until the neutral 
point is reached. Attempts to obtain crystals by pooling the soln to — 40° were not 
successful, W P. Bloxam believes that the soln so obtained is not really the 
monosulphide at all, but rather a soln of a mol. of the complex (HH 4 ) 2 S 2HH 4 SH 
in two mols of ammonium hydroxide, NH4OH ; because of ( 1 ) its action on cupno 
Bulphate , (n) its failure to yield crystals by cooling, attributed to the solvent 
action of free ammonia ; and (lii) because it exhibits no tendency to dissolve sulphur. 
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Indeed, the soln evolves hydrogen sulphide and forms a crystalline compound, 
(NII 4 ) 4 S e , when rather more sulphur has gone into soln. than is required to ioini 
(NH^Sg He explains the action as follows . 

When hydrogen sulphide is passed into ammonia soln (hTH 4 ) B S is first formed, and this 
breaks down giving NH 4 HS and NH 4 OH The NH 4 HS thuB produced unites with more 
(NH 4 ) s S to form compounds of the general formula (NH 4 ) ,S tlNH 4 HS, the value of n 
increasing with the dilution of the soln With the strongest amm onia soln , the sat product 
has the composition (NH 4 ) a S.2NH 4 HS 

E Donath prepared a cone aq soln by distilling ammonium chloride with 
a hot soln of sodium sulphide until half the liquid has passed to the receiver 
E AV Parnell and J. Simpson patented a process for making ammonium sulphide 
by heating the mixed residues of the Leblanc and ammonia-soda processes ; they 
also used calcium or barium sulphide instead of the Leblanc residue Amm onium 
carbonate with calcium or barium sulphide can also be used . (NH 4 ) 2 COj+BaS 
— BaC0 3 +(NH 4 ) 2 S According to J Habeimann, ammonium sulphide free from 
arsenic can be obtained only by using materials free from that element 

The properties of ammonium monosulphide. — The crystals of ammonium mono- 
sulphide, (NH^S, have a strong alkaline reaction, and, according to A Bmeau, 
when exposed at ordinary temp., they readily lo&e half the combined ammonia 
H St C. Deville and L. Troost found the vapour density- of ammonium mono- 
sulphide to be I 26 and 99 5° R Engel and A Moitessier ® say the compound dis- 
sociates rapidly when the temp, is raised, and at 45°, the dissociation is complete 
(NH 4 ) 2 S= 2 NH 8 -)-H 2 S , vapour density observations agree with this observation 
This is shown by the work of A. Horstmann, J C. G de Marignac, and G. Salet 
who observed that if one volume of hydrogen sulphide be mixed with an equal 
volume of ammonia, and then with a third equi- volume of the same gas, no per- 
ceptible contraction occurs F Isambeit found that if one component is in excess, 
the vap. press., especially at high temp , is smaller than the sum of the vap press, 
of ammonium sulphide and of the free gases R de Forcrand’s value for the heat 
of formation, (N^HajS^k^aq, is 56 8 Cals. , and for the heat of solution, —80 
Cals. , consequently, the heat of formation of the anhydrous solid from its elements 
is 61 8 Cals. M. Berthelot gives for the heat of neutralization, 2NH s aq+H 2 Saq 
= , . +6*2 Cals 

The aq soln. is a colourless alkaline liquid which smells both of ammonia and 
hydrogen sulphide. Unlike E Priwoznik, K Heumann found that the 
cone aq soln reacts with copper giving off hydrogen, and forming rhombio 
cuprous sulphide, Cu 2 S, and that a not inconsiderable amount of copper passes 
into soln Cupnc oxide, CuO, reacts : 2CuO+2(NH4)2S=Cii2S+4NH g +H20+S, 
and some cupric Bulphide, CuS. is simultaneously formed Pulverulent silver is 
not attacked E, C. Schneider noted that palladous chloride paper is blackened by 
ammonium sulphide ; and G Buchner showed that when soln of the complex 
alkali zinc, oobalt, nickel, ferrous or ferric pyrophosphates are treated with a 
soln of ammomum monosulphide, zinc, cobalt, nickel, ferrous, or feme sulphides 
are respectively precipitated, and the manganese, uranium, chromium, ot al umini um 
salts give no precipitate 

L. Troost described three different products of the action of hydrogen sulphide 
with an exoess of ammonia, but they were not investigated much further. 
E. 0. Franklin found that ammonium sulphide, (NH 4 ) 2 S, is soluble m liquid ammonia. 
By treating a large excess of ammonia, with hydrogen sulphide in a flask cooled to 
—18°, W. P. Bloxam obtained a highly refraotmg yellow on which was more volatile 
than ammonium monosulphide, and which, when removed from the freezing mixture, 
bubbled up and gave off ammonia leaving a residue of ammomum hydrosulphide. 
The composition of the oil corresponded with ammonium diaxnmmo-monosulphide, 
(NH 4 ) 2 S.2NH s . These crystals can be regarded as H 2 S(NH 8 ) 4 . E Maumeni 
obtained fine crystals from a very cone, soln of ammomum hydros alp hide m aqua 
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ammonia at 0° ; they had a composition corresponding with ammonium tetram- 
mino-sulphide, (NH 4 ) 2 S 4NH S , otherwise expressed, with H 2 S(NH 3 ) 6 . 

W. P« Bloxam prepared a number of products which he regarded as complexes 
of the composition (NH 4 ) 2 S by conducting a mixture of a mm onia and 

hydrogen sulphide into a flask cooled with ice , by saturating cone aqua ammonia 
with hydrogen sulphide , and by passing hydrogen sulphide into a soln of dry 
ammonia m absolute alcohol. By working under different conditions of temp , 
etc., crystalline products with n=2, 12, 18, and 24 were obtained There is nothing 
here to show whether these substances are chemical mdmduals or mixed crystals 

The methods which have been reported for preparation of ammonium disulphide, 
(N 34 ) 2 ^ 2 ? by the dissolution of the theoretical amount of sulphur m ammonium 
monosulphide, were specially studied by W. P. Bloxam 6 m bis memoir : The 
sulphides and poly sulphides of ammonium He sealed up the calculated quantity 
of sulphur m a tube with a soln. of ammonium monosulphide He noticed an 
evolution of gas occurred as the sulphur dissolved, a phenomenon which he thinks 
would not be observed if (KH^S were really the solute. W. P. Bloxam also failed 
to obtain the disulphide by passing through a hot tube the vapour of ammonium 
chloride and sulphur, and he finally concluded that up to the present ammonium 
disulphide has not been prepared either in the solid state or in soln J Eritzscbe 
also failed to make the disulphide nearly 60 years earlier than W. P. Bloxam. 
B de Eorcrand calculated that the heat of formation of the unknown solid will 
prove to be (N 2 ,Hg,S2)scUd = (NH<i:)2S 2 3 0 ii<i--f-66 2 Cals 

Amm onium trisulphide, (NH^Sg, a soln of this salt was obtained by 
W. P Bloxam 7 by adding cold air-free water to crystals of ammonium penta- 
sulphide, (NH^) 2 S 6 , m a wide-necked flask until the addition of a little water pro- 
duced no further precipitation of sulphur The golden-yellow liquid so obtained 
contains ammonia and sulphur m the ratio required for ammonium tnsulphide. 
J Entzsche found a small deficiency of sulphur when using a similar process. 
W. P. Bloxam attempted to make this compound by gradually warming to 70°-80° 
a mixture of the theoretical quantities of a soln. of ammo mum monosulphide and 
sulphur m a sealed tube All the sulphur dissolved, and the orange-red liquid 
deposited rosetted needles of ammonium pentasulphide, (NH 4 ) 2 S B HoO Attempts 
by J, Entzsche and W P Bloxam to make the solid salt have failed K A Hofmann 
and E Hochtlen agitated a 10 per cent soln of auric chloride with a soln prepared 
by saturating a 25 per cent soln of ammo mum hydrosulphide with sulphur, at 
30°, and obtained crystals with the composition NH 4 AuSg, ammonium aurotri- 
sulphide, m which they believe the gold is univalent 

According to E Pnwozruk, when copper is allowed to stand in contact with a 
soln of an ammonium polysulphide, oupnc sulphide is formed, and after a long time 
ouprous sulphide, and a colourless soln of ammonium monosulphide appears ; on 
the other hand, V. Merz and W. Weith found some hydrogen is developed, and 
rhombic crystals of a oomplex of cuprous sulphide and ammonium sulphide is 
produced. K Heumann confirmed the fact that hydrogen is developed, and he 
assigned the formula, (NH 4 ) 2 Cu 2 S 7 , to the red complex , E Priwozmk, V Merz 
and W Weith, and H. Peltzer found that iij contact with a soln of ammonium 
polysulphide, metallic silver becomes covered with a thick crust of silver sulphide, 
Ag 2 S , with tin, a soluble sulphide is formed ; nickel behaves like tin and the soln. 
becomes black , iron gradually becomes coated with a black film of ferrous sulphide ; 
copper oxide imparts a red colour to the soln, m consequence of the formation of 
the complex (NHi) 2 Cu 2 S 7 ; lead mono-oxide and lead di-oxide form crystals of 
lead sulphide ; ferrous oxide is not perceptibly changed ; and cadmium oxide 
forms the corresponding sulphide, slowly in tho cold, and rapidly when heated ; 
and manganese oxide similarly forms flesh-coloured manganese sulphide, MnS 

As previously indicated, when W P Bloxam attempted to make ammonium disulphide, 
he obtained crystals which, when rapidly dned between filter paper gave analytical numbers 
OQnespondmg with tetrahydrated tetrammonvum heptasulphide, (NH 4 ) 4 S 7 .4JI s O, but there 
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is no other evidence that this product is a chemical individual It dissolves in water 
forming a yellow soln. whioh can be kept a long time before it deposits sulphur. 

Ammonium tetrasulphide, (NEy^. — J Fritzsche obtained long sulphur* 
yellow crystals of what he regarded as ammonium tetrasulphide by passing hydrogen 
sulphide and ammonia alternately through a soln. of ammonium pentasulphide. 
P Sabatier obtained a similar result W. P. Bloxam attempted to make this same 
salt by heating in a sealed tube to about 80°, a soln. of am mo mum monosulphide 
with the calculated quantity of sulphur, but the deep red soln furnished a mass 
of yellow needles of hemihepahydT(Ued tetrammomum en7ieasuljpMde 3 (S'E^)^ 9 3JH 2 0. 
He then proceeded as described by J Fritzsche, until a mass of crystals had formed ; 
he then poured off the mother liquid, and dissolved the crystals m a small quantity 
of water at 40°-50° The cooling liquid furnished crystals of the hydrated penta- 
sulphide. The mother liquid was poured off, and the crystals warmed at 20°-30° ; 
they melted in their water of crystallization, and on cooling furnished fine yellow 
crystals of hydrated ammonium tetrasulphide, (NH^S* JH 2 0. Hence, the 
crystalline mass ob tamed by J Fritzsche’s method can be separated into ammonium 
tetra- and penta-sulphide J. Fritzsche states that his salt is easily soluble in 
water without decomposition, and a cone soln can he kept without decomposition 
if well-boiled water has been used as solvent On the contrary, W. P. Bloxam says 
that ammonium tetrasulphide is at once decomposed by water with the deposition 
of sulphur, and he explains J. Fntzsche’s result by assuming that his product is 
not the pure sulphide, but rather contains the tetrasulphide admixed with the 
complex groups (IHf^aS.ttNH^HS The presence of these groups prevents the 
precipitation of sulphur from a cone, soln , and retards its precipitation if such a 
soln. be diluted. 

A dil. soln of J. Fritzsche’s salt gradually deposits sulphur , and, according to 
P Sabatier, when the aq soln is treated with hydrochloric acid, it deposits three- 
fourths of the contained sulphur, and evolves hydrogen chloride J Fritzsche 
says his salt is soluble in alcohol. K. A. Hofmann and F. Hochtlen obtained complexes 
with cuprous and bismuth salts P Sabatier, and R de Forcrand found the heat 
of formation of the solid (NaH^S^ohd), 69 06 Cals., and of the aq soln., 60 80 Cals. 
P. Sabatier also found that the heat of soln. of a gram-eq of (NH4) 2 S 4 in 150 parts 
of water at II 5° is —8 2 Cals ; the heat of the solid (21013^,^28^,889011(1), 
40*0 Cals , and the heat of the reaction with a mixture of iodine and hydrochloric 
acid at 12°, 3 30 Cals per gram-eq. 

Tetrammonium enneasulphide, (NB^) 4 S 9 .— According to W. P. Bloxam, crystals 
of hemiheptahydrated tetrammomum enneasulphide, (NH 4 ) 4 S 9 .3JH 2 0, are formed 
m an attempt to make ammonium tetrasulphide, as indicated above. He found 
that this same tetrammomum enneasulphide is formed on warming a moderately 
strong soln of (NH^S with excess of sulphur m an open vessel, until no more of 
the latter is dissolved, allowing to cool, pouring off the deep red soln. from the 
excess of sulphur, and cooling m a freezing mixture, a yellow crystalline mass is 
deposited , this, on gently warming, dissolves in its own water of crystallization, 
for m i ng a deep red liquid. W. P. Bloxam also added that the sat. red liquor 
obtained by the aotion of a soln. of (NE^ 2 S,2NH4 HS on sulphur cannot he induced 
to take up more sulphur than enough to form tetrammonium enneasulphide 
(NH 4 ) 2 S fl , nor can a soln of ammonium monosulphide he made to take up more 
sulphur than is required for the formation of this same compound. It would 
therefore appear that all the simple or diammonium polysulphides obtained are 
secondary products, formed by the decomposition of tetrammomum enneasulphide 
under varying conditions of temp., cone,, etc Thus, when the original sat red 
soln of the enneasulphide are of suitable strengths, the following simple or diammo- 
mum penta-, hepta-, and ennea-sulphides can be obtained ; but in all cases the 
mother liquors left after separation of the crystals have a lower sulphur value than 
is required by (NH^S*. 

Ammonium pe n taaul ph id e , (NH 4 ) 2 S5. — J* Fritzsche prepared this salt by 
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saturating aqua ammonia with, hydrogen sulphide, and adding finely powdered 
sulphur while ammonia gas is being passed into the liquid The excess of ammonia 
is then sat by a current of hydrogen sulphide, the soln again treated with sulphur, 
ammonia, and the hydrogen sulphide yet again After the final saturation, the 
soln , if kept cold, solidifies to a mass of crystals. The crystalline mass is melted 
by heating it to 40° or 50°, and allowed to cool slowly while excluded from contact 
with air Long orange-yellow rhombic crystals are formed W P. Bloxam 
prepared similar crystals by diluting 200 c c of a 40 per cent. soln. of ammonium 
monosulphide with 75 o c of water, and adding finely powdered sulphur in excess 
of that required for the formation of the pentasulphide. The mixture was gradually 
warmed up to 80° Hydrogen sulphide was evolved, and sulphur dissolved so as 
to form a deep red liquid When the action had ceased, the clear decanted liquid 
deposited a fine crop of crystals of the desired compound on standing over-night. 
When a more cone, soln was employed, and the mixture heated m a sealed tube 
to 100°, the crystals were mixed with free sulphur. W. P. Bloxam also made 
ammonium pentasulphide by diluting aqua ammonia, sp. gr 0 880, with its own 
volume of water, mixing it with an excess of finely powdered sulphur, and treating 
it with hydrogen sulphide until the temp of the soln falls, and no more of the gas 
is absorbed The sulphur dissolves rapidly, and the deep red filtered liquid, on 
standing 24 hrs , deposits a small crop of crystals of the pentasulphide — the mother 
liquid retains (HEtj^Sg Indeed, m all cases, W. P Bloxam supposes that the soln, 
contains tetr ammonium pentasulphide W. P. , Bloxam also heated a soln, of 
ammonium monosulphide with the amount of finely divided sulphur required for 
the formation of the pentasulphide in a sealed tube at 80°, when a mass of small 
needle-shaped crystals was suddenly formed; when the mixture was heated to 
100° a little sulphur dissolved, hut even at 120°, very little more sulphur dissolved 
m three more hours. The laTge residue of sulphur which remained shows that the 
power of dissolving sulphur possessed by soln of ammonium sulphide is gTeatly 
below the limits required for the pentasulphide H. G Byers added 95 per cent 
alcohol to a oono soln. of ammonium sulphide, sat. with sulphur — volume for 
volume — and after the mixture had stood for a few hours, obtained crystals of the 
pentasulphide. W. P. Bloxam prepared monohydrated ammonium pentasulphide, 
(NH4J2S5 H 2 0, by heating tetrahydiated tetrammonium heptasulphide to 70°-80°, 
when it forms an orange-red soln which when cooled furnishes crystalline masses 
of fine needle-like crystals of the desired salt. 

Anhydrous a mm onium pentasulphide furnishes orange-yellow rhombic crystals, 
which J Entzsche says decompose when heated, forming volatile ammonium mono- 
sulphide, and residual heptasulphide : 3{NH4) 2 86=2(NB[4) 2 S7+(NH4)2S — a similar 
result is obtained by keeping the crystals m a large vessel full of air, and if the 
crystals are moist, they become a ruby colour The crystals are gradually oxidized 
to a mixture of sulphur and ammonium thiosulphate when exposed to the open air, 
ammonium monosulphide is at the same time evolved , this decomposition proceeds 
much more slowly in air dried by sulphuric acid J. Fritzsche found the crystals 
are decomposed by water with the separation of sulphur, and, according to 
W P Bloxam, the aq. soln then contains ammonium trisulphide J. Fritzsche 
adds that the pentasulphide dissolves completely in alcohol, but tbe soln,, even 
when kept in closed vessels, deposits crystals of sulphur K. A Hofmann and 
F. Hochtlen prepared complexes with platinum, iridium, and palladium According 
to P Sabatier and R. de Forcrand, the heat of formation is (Na 2 ,H 8 ,S5) so iid=69*46 
Cals. ; and the former found (2NH8gas } H 2 SgaB,S Bo ud)=(NH8 , )5S28oiid+40 4 Cals , 
the heat of soln of 3 12 to 10 65 grins, of the salt m 600 c 0 of water at 13° to be 
— 8*4 Cals, per gram-eq ; and the heat developed by its decomposition with iodine 
and hydrochloric acid, 24 2 Cals 

Ammonium heptasulphide, (NH^S?. — J. Fritzsche reported that crystals 
of this salt are formed by the spontaneous vaporization of crystals of the penfca- 
sulphide ; melting crystals of the pentasulphide in their own mother liquid, and 
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exposing the soln. under the receiver of an air pump, ammonium monosulphide 
13 evolved, 3 (NH 4 ) s S 5 =(NfI 4 ) 2 S+ 2 (NH 4 ) 2 S 7 , and ruby-red crystals of the hepta- 
sulphide are formed, and finally crystals of the undecomposed pentasulphide are 
deposited J Fritzsche also said that the heptasulphide is formed while the 
mother liquid is being drained from the pentasulphide in the absence of air He 
adds : 

After some days, many of the crystals of the pentasulphide earned new, small, ruby 
coloured crystals, and others bore cavities sideways which were filled up with the new 
substance , * that, however, only adhered loosely to the crystal oat of which it had been 
formed The decomposition becomes complete on standing for a longer time, especially 
when the vessel is laige and filled with dry air The new compound appears then m the 
form of a crystalline crust, lesembhng in shape the original crystal, but larger and hollow 
in the centre. 

Under these conditions W. P Bloxam obtained orystals of sulphur and of the 
pentasulphide, but no ruby-red crystals of the heptasulphide, and he obtained the 
enneasulphide by working according to J. Fritzs che’s directions P. Sabatier 
claims to have made the heptasulphide by digesting sulphur with the warm or 
cold mother liquid remaining after the separation of crystals of the pentasulphide. 
P Sabatier’s analysis corresponds with ammonium octosuVphide , (NH 4 ) 2 S 8 . 
W. P. Bloxam made crystals of the hydrated salt, (NH^S, |H 2 0, by the simul- 
taneous action of sulphur and hydrogen sulphide on aqua ammonia rather more 
cone than that used m the preparation of the pentasulphide. 

200 o c of aqua ammonia (of ap gT 0 880) were diluted with 60 c o of water, excess 
of sulphur added, and hydrogen sulphide passed to saturation, the flask and contents being 
kept m constant agitation to promote soln When the hydrogen sulphide passed through 
the soln without being absorbed, and the temp of the soln began to fall, the latter was 
carefully poured off from the un dissolved sulphur into another flask Small glistening, red 
crystals at once began to form, and continued to mcrease even when the flask was placed 
in warm water. 

* 

According to W. P. Bloxam, the dried orystals of the hydrate are polychroic, 
and exhibit a peculiar violet lustre J. Fntzsohe reported that the crystals of the 
anhydrous salt can be preserved in bottles completely filled with them, and pro- 
tected from heat and light , they change when exposed to air, but not so quickly 
as the pentasulphide The crystals of the hydrated salt retain their tetrahedral 
form in air, but become slowly coated with sulphur When the anhydrous salt is 
heated, the crystals become bright red, and at a temp, not much higher than the 
mp of sulphur they decompose, giving off a lower sulphide — or may he the hydro- 
sulphide— which is deposited on the sides of the vessel m yellow drops, and leaving 
a residue of sulphur The heptasulphide is decomposed by water more slowly 
than the pentasulphide, forming a pale yellow soln. with the deposition of sulphur. 
J. Fritzsche also adds that hydrochloric acid attacks the anhydrous salt more slowly 
than the pentasulphide ; and, according to W. P. Bloxam, the hydrated salt is 
attacked faster than in the enneasulphide. According to P. Sabatier and 
R de Forcrand, the heat of formation of the anhydrous solid is (N 2 ,H8,Sg)a 0 i 1 di 
69 66 Cals , P Sabatier also gives for (2NK^l^ m ,S8Boha)> 40 6 Cals. ; for the 
heat of soln for an eq m an excess of water at 11° is —8 6 Cals. ; and 24 0 Cals 
for the heat developed during the decomposition of the salt with iodine and hydro- 
chloric acid In consequence of the agreement m the thermoohemical data for the 
penta- and hepta- (P Sabatier says ooto-) sulphide, P Sabatier thinks it possible 
that in both compounds all but four of the sulphur atoms per molecule axe not 
chemically but molecularly united in the compound. 

Ammonium enneasulphide,. (NH 4 ) 2 S 9 — This compound represents the highest 
ammonium sulphide which has yet been prepared W. P Bloxam obtained this 
salt by diluting 500 c.o. of aqua ammonia with 150 o c. of water, and treating the 
soln simultaneously with hydrogen sulphide and an excess of sulphur The 
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ddtep rcd soln of tetrammomum enneasulphide, (NH^Sg, so obtained deposits 
crystals of the pentasulphide, (NH 4 ) 2 S 5j on standing When the red mother 
liquid m a large flask, fitted with a loosely fitting cork, was allowed to stand 
some months, a large crop of aggregates of small, hard, shining, deep red crystals 
was deposited These conditions are similar to those employed by J Fritzsche for 
the preparation of the heptasulphide, but the analyses correspond closely with the 
requirements for hemihydrated ammonium enneasulphide, (NH^Sg iH 2 0 , and 
the mother liquor from these crystals, likewise preserved in a loosely corked flask, 
furnished crystals of the |-hydrated ammonium enneasulphide, (NH 4 ) 2 S g |H s O. 
If the crystals be rapidly freed from the mother liquor, only a thm film of sulphur 
is formed on them ; if treated with water, they are decomposed, and dissolve to a 
limited extent, yielding a pale yellow soln of a lower sulphide, whilst a sulphur- 
coated crystal is left preserving the form of the original The behaviour of this 
salt with acids is characteristic , the extenor of the crystal becomes coated with a 
hard mass of sulphur, which protects it against the action of dil hydrochloric acid, 
even when boiled with it The crystals of rh a mm onium enneasulphide, if pressed 
with a glass rod against a hard surface, fly to pieces, the powder having the colour 
of finely divided potassium dichromate. 
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§ 35. The Alkali Sulphates 

The alchemists of the Middle Ages remarked on the formation of the potassium 
sulphate — normal or acid — as a residual product during the preparation of nitric 
acid by the action of sulphuric acid on saltpetre In his Ope? a mineralis , for 
example, Isaac Holland, about the fifteenth century, 1 mentioned the formation 
of this salt during the preparation of nitric acid Robert Boyle and J. R Glauber 2 
also obtamed potassium sulphate — tartarus vitnolatus — by the action of sulphuric 
acid — oil of viinol — on potassium carbonate — sal tartan, or tartar In 1663, 
0. Glaser also described the preparation of potassium sulphate, afterwards called 
sal polychrestum Glasen, by the action of sulphur on fixed nitre — if insufficient 
sulphur be used, a mixture of sulphate and nitrate is formed which when cast into 
litiie balls was called prunella salt J. R Glauber also m his Tractatus de natura 
solium, noted the formation of decahydrated sodium sulphate, Na 2 S0 4 10H 2 O, 
and he ascribed to sel miraJnle, as he called it, exaggerated virtues as a medicine. 
The sel mirdbile Glauben is now often called Glauber’s salt . Some of the early 
names for potassium sulphate were - tai tarns vitnolatus, or vitriolized tartar , arcanum 
duplicatum ; sal polychrestum Glasen ; sal de duobus ; speoificum purgans Paracdsi ; 
panacoea holsatica ; panaccea dupltcata ; mtrum mtnolatum ; spintus vvtnoli 
coagulabdis . The sulphates of the other alkali salts were naturally prepared soon 
after the discovery of the respective bases 

The occurrence of sodium sulphate. — The mineral tMnardite is anhydrous 
sodium sulphate , it is found in Tarapaca, Atacama, Balchasch Sea (Central Asia), 
Rio Yerde (Arizona), etc. Glaubente is a double sulphate of sodium and calcium, 
Na 2 S0 4 CaS0 4 , found m the borax lakes (San Bernardino), Mayo salt mines (Pend- 
schab), Westeregeln (Stassfurt), Priola (Sicily), etc Astrakamte, or simomie , or 
blaedite , a hydrated double sulphate of sodium and magnesium, Na 2 Mg(S0 4 ) 2 4H 2 0 ; 
there are also vanthoffite , MgS0 4 3Na 2 S0 4 ; and lowite, MgS0 4 Na 2 S0 4 2JH 2 0, 
found in the Stassfurt salt deposits 

A kind of soda alum, Na 2 S0 4 .Al 2 O 3 .24H s O, mcndozite, has been reported from San 
Juan (Argentine), Shi mane (Japan), etc ; tamarugite, reported from Cerros Pintados 
(Chili), is like soda alum, but with only half the amount of water present m the normal 
salt In 8truventie from Copiapo, half die soda is replaced by magnesia Tychiie * has the 
composition Na a Mg 2 (C0^) 4 S0 4> or 2MgCO s .2Na a C0 3 Na a S0 4 The crystals ot hankaite 
from the borax lake of San Bernardino (Cal ) contain 9Na 2 S0 4 2 Nb 2 C0 3 KC1 or 
lTa aa K(S0 4 ) 2 (C0 a ) 2 Cl ; and sidphohcdite 4 from the same locality, 3Na 2 S0 4 2NaCl» or 
Na fl (S0 4 ) a ClP. Mono clinic crystals of darapsfate , Na 2 S0 4 .NaN0 a H a O, are found in 
the nitre beds of Pampa del Toro (Chile;. Urasite , found near the Caspian Sea, and 
stderonalrxte , found near Haantajaya (Chili), appear to be the same mineral, approxi- 
mating to 2Na a O.Fe fl O a 4SO a .7H a O ; ferronatnie, also from Chile, approximates 
3Na 2 S0 4 Fe 2 (S0 4 ) 3 6H a O. 


Sodium Bulphate occurs in small quantities in soln in sea-water, and in some 
lakes, mineral springs, etc. Calcium and magnesium sulphates or double sulphates 
trf magnesium with calcium or sodium are first deposited during the evaporation of 
sea-water, then follow anhydrite, polyhalite, and Meserite ; the waters of saline 
lakes containing a high proportion of sodium sulphate and little calcium or mag- 
nesium, may deposit sodium sulphate m considerable quantities determined by the 
temp, as affected by the season of the year. The Siberian lakes — Altai, Beisk, 
Domoshakova, Shunett, and Kiesil-Kul— deposit sodium sulphate. It has been 
estimated 5 that in addition to the Glauber’s salt m soln , the Great Marmyshansk 
Lake contains 2,600,000 tons of crystallized decahydrated, and 397,210 tons of the 
dried sulphate ; the Little Marmyshansk Lake, 451,400 of the crystallized 
decahydrate , Lake Tuskal, 1,805,500 tons ; and Lake Varche, 1,805,500 tons. 
G JL Gilbert 6 sayB in the Great Salt Lake, and in the Karaboghaz, mirabilite, or 
decahydrated sodium sulphate, Na 2 S0 4 10H 2 0, is deposited in winter; and 
L Mrazec and W. Tieiseyie say it is formed on Hie surface of Lake Sarat (Roumania) 
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in winter, and dissolved in summer. Similar remarks apply to Lake Sevier (Utah). 
Sodium sulphate is found as an efflorescence on the edges of some streams on the 
Cordillieras, and deposits of this salt are found on the "Wyoming Plateau (Laramie). 
H. Pemberton and G. P. Tucker 7 report a sample of the “solid soda” of this 
district with NagSOi, 36 ; CaS0 4 , 1*45 ; CaCl 2 , 0'77 ; NaCl, 0*21 ; H 2 0, 46 87 ; 
and insoluble matter, 13’86 per cent A. Smith has shown that sulphates are 
present in the air of towns where the sulphuric acid converts the sodium chloride 
into sodium sulphate ; the former salt — sodium chloride — is found in the atm. 
over and near the sea owing to the evaporation of fine spray. The fact that super- 
saturated Boln of sodium sulphate crystallize if exposed to the air, while super- 
saturated soln of other salts remain liquid under the same conditions, is talfen by 
E. Parmentier to prove the presence of minute crystals of sodium sulphate m the 
atm. E Zalozieoty 8 reported crystals of sodium sulphate in a cleft in the kainite 
beds of Kalusz of Galicia ; C F. Eammelsberg, and O Popp, in the natron of 
Egypt ; H. Haw, in boronatrocalcite ; V. E Olivier, in Peruvian nitrates ; E. Kemper 
and K. Kraut in Peruvian guano ; and H van Erp, in the efflorescence found on 
walls. 

The occurrence ol potassium sulphate. — Potassium sulphate has been reported 
in voloanio lava — e g. the glasente or aphthitaMe, K 8 Na(S0 4 ) 2 , found as an incrusta- 
tion on Yesuvian lava, and m the salt deposits of Douglashall (Westeregeln), at 
Eucaknuta (Sicily), etc. B. Gossner 9 regards glasente as a definite mineral species, 
hut J. H. van’t Hoff and H. Barsohall consider it to be a mixture of the two 
component sulphates : 3K 2 S0 4 -KN"a2S0 4 . The waters in volcanic districts also 
contain a little — say, 015 per oent — of potassium sulphate The double or tnple 
sulphates of potassium ana calcium or magnesium m the Stassfurt deposits are 
of great importance There are : kaimte, K 2 S0 4 MgS0 4 MgCl 2 6H 2 0 ; picro- 
merite or schomte , K 2 S0 4 .MgS0 4 6H 2 0 ; polyhdkte , K 2 S0 4 .MgS0 4 2CaS0 4 .2H 2 0 ; 
brugite , K 2 S0 4 .MgS0 4 4CaS0 4 .2H 2 0 ; lamgbeimte , 2MgS0 4 ,K s S0 4 ; leomte , 
MgS0 4 K 2 S0 4 4H 2 0 The mineral syngemte, K 2 S0 4 CaS0 4 H 2 0, is found in cavities 
in the rock-salt at Kalusz (Galioia) ; cyanochrotie or cyanochrome , K 2 S0 4 .CuS0 4 6H 2 0, 
and cldorochrotfe , K 2 S0 4 .CuC 1 2 , are secondary products of the action of volcanic 
gases on volcanic lavas. There is also the so-called kahmte , a kind of potash alum 
found as an efflorescence on some volcamc lava, and in the rock-salt at 
Saarbruoken, etc. Alumte, from Italy, Hungary, Colorado, etc , approximates 
Ks>S0 4 A1 2 (S0 4 ) 8 .4A1(0H) 8 

The preparation of sodium sulphate. — Comparatively little sodium sulphate is 
used in the hydrated form as crystallized sodium sulphate, Ha 2 S0 4 10H 2 0, or 
Glauber's salt, and that little is used mainly for pharmaceutical purposes, and in 
veterinary practice. The great bulk manufactured is calcined to form anhydrous 
sodium sulphate or salt-cake. A little salt-cake is used in glass-making, but much 
the larger proportion is manufactured directly into alkali carbonate. Crystallized 
sodium sulphate can be obtained by the evaporation of many spring waters, and 
the mother liquor from the evaporation of sea-water may also deposit crystals of 
Glauber’s salt at low temp. At ordinary temp., a mixture of magnesium sulphate 
and sodium chloride is formed — ads mixtes — but, as C. W. Soheele 10 observed in 
1779, if the temp, be reduced, hydrated sodium sulphate alone crystallizes from 
the soln ; and, as H. Eose observed, if the evaporation be conducted above 50°, 
the soln again deposits ‘sodium sulphate, but in the anhydrous form These results 
can be readily interpreted in the light of the solubility curve, Fig. 46, and the law 
of mass action In a s imil ar manner, according to J. B Eichter, a soln. of sodium 
sulphate and potassium chloride at ordinary temp, deposits potassium sulphate, 
and at — 20°, sodium sulphate. Constantmi also showed that a mixture of alum 
and sodium chloride gives crystals of sodium sulphate at freezing temp. ; and 
C F.S Hahnemann observed the same result with a sat Boln. 6f calcium sulphate 
and sodium chloride Sodium sulphate also separates when a mixed soln. of sodium 
chloride and ferrous sulphate or of sodium nitrate and ammonium sulphate 11 is 

vol. n. 2 rr 
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cooled A J. Balard also showed that Glauber’s salt may be obtained by double 
decomposition from a mixed soln. of magnesium sulphate and sodium chloride in 
the cold, the reaction seems to proceed: MgS04aq+2NaClaq=MgCl2aq+Na2S04 aq 
Accordingly, the sel mixtes deposited from the mother liquid from sea- water, and 
other brines, yield crystals of Glauber’s salt when a soln is cooled below 0°. The 
cooling may be done artificially as in the works at the mouth of the Rhone, or 
naturally as at Stassfurt during the winter months. , 

The residue remaining after the leaching of crude carnallite is dissolved in water — 
generally the heaps of residue are lixiviated by hot water and the soln. is caught m a trench 
at the bottom of the heap The composition of the liquor is adjusted until the mol pro- 
portion of NaCl : MgS0 4 1 a approximately 2 . 1 The soln is evaporated until its sp gr 
is 1 269 at 33°. The liquor is clarified by settling, and run into large shallow wooden 
tanks 100x100 ft. sq and 8 m deep, supported above the ground These tanks are 
exposed in the open to the cold of a winter’s night, and the mother liquor run off m the 
morning before it is warm again A cubic metre of soln may yield 160—180 kilograms of 
orystals In s umm er the tanks are kept filled with a soln of brme 

Sodium sulphate ia formed as an intermediate stage m the conversion of sodium 
chloride into carbonate by Leblanc’s process when it is obtamed by heating a 
mixture of salt and sulphuric acid Nitre cake, a mixture of normal and acid sodium 
sulphate with some free acid, is a by-product in the manufacture of mtno acid by 
the action of sulphuric acid on nitre ; any acid sulphate present, NaHS0 4 , is con- 
verted to normal sulphate by roasting with sodium chloride 12 Sodium sulphate 
is a by-product in many other chemical operations — e.g. in working up kelp liquors 
as a preliminary to the treatment for lodme ; m roasting pyrites-cinders with 
salt in the extraction of copper (where the resulting sodium sulphate has not been 
successfully utilized) ; in the manufacture of ammonium chloride by subliming 
a mixture of ammonium sulphate with common Balt ; in making mercuric chloride 
by subliming a mixture of mercuric sulphate and common salt m the amalgamation 
process for extracting silver; in the manufacture of aluminium chloride from 
common salt and alum ; in purifying oils by means of sulphuric acid and caustic 
lye ; in the neutralization of resorcine, alizarine, where alkali fusions have to he 
neutralized with acid , m the Stassfurt salt industry , etc Although sulphur 
dioxide alone does not itself decompose sodium chloride, yet, if mixed with air 
and steam, sulphur dioxide will completely convert sodium chloride into the sulphate. 
The favourable temp lies between 400° and 4:50°, as m J. Hargreaves and T Robin- 
eon’s ia process for making salt-cake : 4Nad+2S0 2 +02+2H 2 0=2Na 2 S04+4IICl 
— feme or cupric oxide acts as catalytic agent The hydrogen chloride is condensed 
from the escaping gases in the usual manner It will be observed that in Hargreaves’ 
process the manufacture of sulphuric acid is a preliminary to the conversion of 
sodium chloride into sulphate The process has been worked successfully in many 
factories , the disadvantage is the length of time required for the conversion. 
The product is a little more pure than that obtained by the sulphuric acid process 
E Thomas, M. Delhsse, ana M Boucard also proposed to make sodium sulphate 
by roasting a mixture of pyrites and sodium chloride in a stream of air, and leachin g 
the soluble salt from the product This idea is quite old , it was s ug gested by 
J. J. Berzelius in 1836, and it is the basis of W Longmaid’s patents in 1842-4. 
The Griesheim Chemisohe Fabrik patented the calcination of the sulphide residue 
from the black ash process with the acid sulphate residue from the nitric acid 
process: CaS+2NaHS04~H 2 S+Na 2 S0 4 The latter is readily obtamed by 
crystallization of the aq extract of 'the product Numerous other proposals have 
been made for the manufacture of sodium sulphate cheaply on a large soale Many 
of these are described m R. Wagner’s Regeslen der Sodafabnkation (Leipzig, 1866), 
or in G. Lunge’s The Manufacture of Sulphuric Add and Alkali (London, 1913). 
R de Luca, 14 for example, suggested heating an intimate mix ture of the magnesium 
sulphate found in several parts of Spain with sodium chlonde or nitrate in a current 
of steam at 210° whereby hydrogen chloride, magnesium oxide, and sodium sulphate 
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are formed. The latter can he isolated by extraction with water The history of 
the process really dates back to Earl of Dundonald’s patent in 1795 The reaction 
with gypsum and salt, though several times patented, does not occur unless it be 
conducted m the presenoe of siliceous materials, since J B Trommsdorff has shown 
that no decomposition occurs if gypsum and common salt he melted together, 
although J Nicki6s states that if pyrosulphate be present the reaction does take place 
H Bauer 15 melted an intimate mixture of cryolite and gypsum and extracted 
sodium sulphate by leaching the mass with water : 2A1E 3 3N aE -t-3CaS0 4 =3N a 2 S0 4 
+3GaE 2 +2AlE 3 The formation of sodium sulphate by heating sodium chloride 
with aluminium sulphate or alum, with the direct object of preparing alumina * 
Al2(S04)3+6NaCI+3H 2 0=3jN r a2S04+Al 2 03+6HCl, or aluminium chloride : 
Al 2 (S04)3+6Na01=3Na 2 S0 4 +2AlCl 3 , is old. The process is mentioned in the Earl 
of Dundonald’s 16 patent, 1795, and the reaction has been examined by many early 
^workers. C E S Hahnemann, m 1789, mentioned the formation of sodium sulphate 
"by roasting ferrous sulphate and other iron salts with sodium, chloride, and the 
reaction has been examined by many others. W. Gar ro way patented the heating 
of a mixture of ferric or aluminium sulphate with sodium nitrate , the gases evolved 
were to be used m the manufacture of sulphuric acid by the chamber process* 
sodium sulphate was to he removed by leaclung the product, and the insoluble 
residue was to be used for making paint The use of mixtures of sodium chloride 
with copper sulphate (J Wilson, 17 1838 ; W. Hunt, 1840), zmo sulphate (W. Hunt, 
1840 ; S Boulton, 1852), manganese sulphate (J Barrow, 1856), and lead sulphate 
(E Marguentte, 1855) have also been patented as processes for converting sodium 
chloride into sulphate A very small proportion of the number of patents which 
have been issued have had any influence on industrial developments. Many 
patents are bora, most are still-born, and but few live. 

The preparation of potassium sulphate. — In the older method of preparing 
nitric acid by treating potassium nitrate with sulphuric acid, potassium sulphate 
was obtained as a by-product An impure form of this salt containing 75 to 85 
per cent of K 2 S0 4 and 9 to 21 per cent Na a S0 4 , etc , and known as plate-sulphate, 1 * 
is separated during the cone of kelp-liquors Crude potashes prepared from plant 
ashes also contain some potassium sulphate which can he readily separated by 
crystallization from the carbonate on account of its comparatively low solubility. 
Some also is obtained as a by-product in working up beet-root vinasse In the 
manufacture of potassium carbonate from the ohloride, by Leblanc’s process, 
potassium sulphate is formed in the first stage of the operation by the action of 
sulphuric acid on the chloride. Several of the obsolete methods used fox converting 
sodium chloride into sulphate, have also been patented for the analogous conversion 
of potassium chloride By far the largest quantity of the potassium sulphate m 
oommerce is either obtained from kaunte of the Stassfurt deposits, or else obtained 
by the action of sulphuric aoid on potassium chloride likewise derived from the 
same deposits Quite a number of processes have been patented for extrac t ing 
potassium sulphate either from karnite, K 2 S0 4 MgS0 4 MgCl 2 6H a O, or from mixtures 
of kiesente, MgS0 4 H 2 0, with potassium chloride, or camalbte, KG1 MgCl 2 6H 2 0, 
so as to form a kind of artificial schonite, K 2 S0 4 MgS0 4 6H a O, of a similar com- 
position to natural schonite : 

If a hot soln. of two mols of kiesente and one mob of potaarium ohloride be cooled, the 
resulting schdmte and oamallite can be separated by crystallization for a crop of crystals 
of schonite separate out immediately s 2 MgS 0 4 aq -h 2 KC] a <i e =K a S 04 MgSO^+MgClt^q; 
or 2MgS0 4 aq+3KClm=K a S0*MgS0 4Wl -l-KCl MgCljaq This process 19 is not profitable , 
and it is more usual to prepare a cold sat soln of kaunte, and use this for extracting fresh 
kairnte at about 80°, the clarified soln deposits crystals of sehdmte on cooling ; and the 
mother liquid, rich in magnesium, sodium, and potassium chlorides, is utilized m the 
extraction of potassium chlonde from oamallite In Precht s process, the kaunte is treated 
with water of previous liquors at I20°-145° with a steam press of from 2-7 atm By a 
meohamcal arrangement of stirrers, the double salt, K 8 S0 4 .2MgS0 4 H a O, which is formed 
can be separated from the residual rock-salt and from the soln The double salt so formed 
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is converted into sohomte by agitation with a small quantity of water K. Kubiersohky 
found that when solid potassium chloride is added to a soln of kiesente of the right cone , 
at 25°, a precipitate of potassium sulphate, not sohomte, is obtained 

Artificial schomte — also called Kalimagnesta — readily separates into potassium 
sulphate, etc. 

H. Precht separates potassium sulphate from schdmte by running a hot sat soln of 
sohomte upon dry potassium chloride K 2 S0 4 MgS0 4 -f-3KCl“2K £ S0 4 +KCl Mgd 2 , 
Part of the sohhmte remains unconverted, so that m practice twice the theoretical amount 
of chlonde is required. The less soluble potassium sulphate crystallizes from the soln and 
it is separated by a centrifugal machine If the temp falls below 40°, potassium chlonde 
separates out, and this is followed by sohomte, and then by camallite The reaction is 
also effected by digesting crystallized schdnite with a cold sat soln of potassium chlonde 
A number of other processes have been proposed for breaking down the schomte— e g 
by the action of superheated steam on a mixture of schomte with finely crushed coal, by 
heating sohbmte itself with coal: 2K 2 Mg(S0 4 ) 2 -j-C«=2K 2 S0 4 +2Mg0-{-2S0 8 -l-C0 8 , by 
ignition with ferrio oxide , by heating a mixture of schomte with silica or a silicate m 
steam ; etc. 

In the leac hing processes, large volumes of liquid have to he handled, and the 
mother liquors contain large amounts of salts in soln ; muoh potassium chlonde is 
rendered less useful since these liquors are boiled down and utilized m other ways — 
principally as fertilizers. The mother liquors also yield rubidium alum. The cost of 
the operation, small as it is, does not enable potassium sulphate to be prepared of a 

acid process which can be made to yield almost the theoretical amount of sulphate. 
Consequently, moBt of the schomte — natural or artificial — is sold as a fertilizer 
The alkali sulphates can also he made by neutralizing, say, a soln of 5 grins, 
of sulphuric acid in 30 c o. of water with the alkali hydroxide or carbonate, and 
evaporating the soln until crystals begin to form. The process is not economical 
except on a small scale It is used mainly for lithium, rubidium, and csBSium 
sulphates. H. Erdmann 20 treated a hot soln of crude rubidium iron alum with 
milk of lime made from purified lime, and filtered the liquid from the excess of 
lime, calcium sulphate, ana feme hydroxide, by suction. The small amount of lime 
in soln. is precipitated by adding rubidium carbonate The filtrate is neutralized 
with sulphuric acid, and evaporated to the point of crystallization. 

According to P. Heinrich, if oono. sulphuric acid be dropped on to solid 
potassium hydroxide in darkness, a flash of light appears when the acid touches 
the alkali ; and, according to L. Troost, metallic lithium inflames in contact with 
cone sulphuric acid, while, according to R. Bunsen and A. Matthiessen, 21 the 
metal is but slowly attacked by the cold acid 

The properties of the alkali sulphates. — Lithium Bulphate can be prepared as 
the anhydrous and hydrated as monohydrated lithium sulphate, L^SO* H 2 0 ; and 
sodium sulphate as the anhydrous salt, as heptahydrated sodium sulphate, 
NaS0 4 .7H 2 0 ; and decahydrated sodium sulphate, Na 2 S0 4 10H 2 0 Mono- and 
trihydrated sodium salts have been reported — the former by J. Thomsen, 22 the 
latter by H. Rose — hut L. 0. de Goppet has questioned the two last-named hydrates 
The crystals of anhydrous hthxum sulphate which separate from the molten 
mass are pseudo-ootahedra belonging to the monoclinio system with axial ratios : 
a :b: c=l*0038 : 1 : 1*380 ; j3=92° 8'. According to G. WycoubofE, 28 above 600°, 
the crystals of lithium sulphate belong to the cubic system, and at about 500°, 
they pass into a very labile, feebly doubly-refr acting variety , they decompose 
on further cooling into the pseudo-octahedral variety belonging to the monoolime 
system. When the monoclmio crystals are heated, they pass fairly quickly at about 
600° into the cubic modification. K. Hiittner and G. T ammann could find only 
one enantiotropio transformation point at 575° on the cooling ourve of lithium 
sulphate. Lithium sulphate is not isomorphous with the sulphates of the other 
alkali metals. The monohydrated salt, L^SO^.HgO, forms monoclinio plates 
with axial ratios : a : l : o=l*6066 : 1 : 0*5633 ; J8=93° 5'. 
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Anhydrous sodium sulphate,, Na 2 S0 4 , thenardite, forms rhombic bipyramidal 
crystals 24 with axial ratios : a : b ; c= 0 4731 : 1 : 0*7996. When heated to 200°, 
0. Miigge states that the crystals pass into an isotropic variety and then into a 
form with negative double refraction According to G. Wyrouboff, anhydrous 
sodium sulphate is tetramorphous : (l) The a- form or thenardite is stable below 33° ; 
(ii) the j8-form which is monochnio and is produced when thenardite is heated to 
about 180°, or when the y- variety is exposed to the air for a few minutes ; (in) the 
y-form is produced when the molten sulphate is cooled , it forms rhombio crystals ; 
and (iv) the 8-form is hexagonal, and can exist only above 500°. The a-variety 
combines immediately with water at 25°, while the jS-form does not hydrate, and 
only when the has passed into the a-fonn does hydration occur A Hantzsch 
objected to G. Wyrouboff’s statement that alcohol precipitates the decahydrated 
salt from fresh soln. of the a-salt, while the anhydrous salt is precipitated from fresh 
soln. of the j3-salt The existence of these different varieties of anhydrous sodium 
sulphate has been suggested as an explanation of certam curious and apparently 
anomalous facts For example, L. C. de Coppet found that it is heated strongly 
when m contact with water at a temp, above which it is known to form no hydrate ; 
and S. U Pickering and M. Berthelot obtained very variable results for the 
heat of soln Thus, the salt prepared below 150° — a-foxm — has a heat of soln. of 
57 Cals., whereas the salt obtained at a higher temp — jS-form — disengages 760 Cals. 
The heating and cooling curves of sodium sulphate by K Huttner and G. Tamm aim , 
N S Kurnakoff and F.8 Schemtschuschny , and H E Bo eke show only one transition 
pomt between 235° and 253° , and R. Nacken detected a marked change in the 
opticalproperties of sodium sulphate above 230°. According to J C G deMangnao, 25 
the tetragonal orystals of heptahydrated sodium sulphate, Na 2 S0 4 .7H 2 0, have 
the axial ratio a:c= 1 : 0*7346 — with positive double refraction; and, according 
to W. Haidinger, the monoolinio crystals of mirabilite, decahydrated sodium 
sulphate, Na 2 S04 10H 2 O, have the axial ratios a b : 1 1158 : 1 : 1 2380 ; 

jB=107° 45' — with negative double refraotion. 

The rhombic bipyramidal orystals of potassium Bulphate form an isomorphous 
group with those of the corresponding salts of rubidium and caesium. The axial 
ratios and mol vol are indicated in Table XXX Vl , the axial ratios and topical 
parameters of the three last-named salts were determined by A E. H Tutton. 26 


Table XXXVI • — Some Crystallographic Constants op the Auk alt Sulphates. 



Rhombic a * 6 * c 

aJb c . 

Sp. gr. D 

Mol wt. 
M 

at.o£ 

Ratio. 

Li*SO± 

1 0038 : 1 : 1 3800 

1*3852 

2 221 

110 1 

0 002885 

[4] 

Nq,S0 4 

0 4731 : 1 : 0 7996 

0*3073 

2 673 

142 2 

0 006482 

[9] 

K a S0 4 

0 5727 j 1 : 0 7418 

0 4248 

2*606 

174 4 

0-006496 

9 or 27 

Rb a SO| 

0 5723 *1 :0 7486 

0 4284 

3*615 

267*1 

0 006798 

8 or 24 

Cs 2 S0 4 

0*5712 1 • 0 7531 

0*4303 

4 246 

361 9 

0 005048 

7 or 21 


The replacement of potassium by rubidiuni, or rubidium by caesium, produces a 
regular increase in the dimensions of the crystal, and the same regularities occur 
m the optical properties. The same regularities do not ocour with sodium and 
lithium, A Ogg and F. L Hop wood have calculated the lengths of the sides and 
the volume of the unit rhomb of the crystals potassium, rubidium, and caesium 
sulphates from data furnished by the X-ray spectrometer ; they find 


x a so 4 

Rb a S0 4 

Ca a S0 4 


Lengths of sides of unit rhomb cm 

a , b . 


a 


5 731 XI0- 8 
5*949 
6*218 


10 OOX1O0- 8 
10 394 
10 884 


7 424X10- 8 

7 781 

8 198 


Volume 

oo 

425 78 x 10 -24 
486*14 
554 88 


There are four mols. in the elementary cell. 
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According to E Mallard, 27 the rhombic crystals of potassium sulphate undergo 
a sudden change at 600° and become hexagonal with negative double refraction ; 
H le Chatelier gives 580° as the transformation temp, on a heating curve, and 530° 
on a cooling curve N. S Kurnakoff and S E. Schemtschuschny, and K Huttner, 
and G Tammann found the change ocoura between 587° and 610° , B Karandeefi* 
at 599°. The latter also find rubidium sulphate undergoes a similar transformation 
at about 657°. It is not merely by chance, says 0 Mugge, that the majority of 
substances hitherto examined on a rising temp, approaoh a higher s ymm etry, or 
Teach it, as m the case of aragonite, glaserite, nitre, silver iodide, and cryolite 
Sulphur and mercury iodide pass gradually from a most highly differentiated 
cryst allin e state into the amorphous fluid state in so far as they can do so without 
decomp osition. 

The crystals of potassium and sodium sulphates exhibit tnbolummesoence 
and crystaJloluTmnescence 28 According to G Meshn, the crystals of both salts 
are diamagnetic. 29 W. G. Hankel has studied the pyroelectncal phenomenon 
exhibited by the crystals 

The best representative values of the specific gravities and molecular volumes 
of the anhydrous alkali sulphates are indicated in Table XXXVII The sp. gr. 


Table XXXVII — Parameters or the Alkali Sulphates. 



Sp.gr 


Topical parameters. 

Double 



X 


M 

refraction 

LxSO, 

Na s SO* 

2 221 

2 073 

49 a 

141 TO 

2*4640 

5T8G0 

4T470 

— feeble 

4- 

k*so 4 

Bb a SO* 

CbjSO* 

2 666 

3 616 

4 246 

64 91 

73 34 

84 68 

3 8810 

4 0304 

4 2187 

3 8574 

4 0039 

4 1849 

4 9964 

6 2366 

5 6176 

+ 

4-feeble 

—feeble 


of anhydrous lithium sulphate, LiaSO^ determined by W Spring,® 0 is 2'228 (16°) ; 
by G. Wyrouboff, 2 221 , and by S. Kremers, 2 210 (3*9°) ; and at a temp., 0 °, 
between 800° and 1000°, E Brunner gives 1 981-0*0039(0 — 900). For the sp. gr. of 
hydrated lithium sulphate, Li 2 SO* H 2 0, L Troost giveB 2*02 , and 0. Pettersson, 
2 052 (21°) and 2 056-2 066 (20°). The reported sp gr of sodium sulphate, Na 2 S0 4 , 
range from E Eilhol’s 2 629 to H. G. E Schroder’s 2 7 ; P A. Favre and 0 A Valson’s 
value is 2 681 (20 5°) , H G E. Schroder’s, 2 693 (3 9°) ; G Quincke's, 2*66 (0°) 
and 2 104 at the m p , P. Kramers, 2 656 when crystallized at 60°-70°, 2 679 when 
crystallized at 100° and sulphate which had been fused, 2 6313 ; and E Brunner 
at 8° between 800° and 1000° gives 2 065-0*00045(0 — 900) O. Pettersson gives 

1 485 (19°), and 1'492 (20°) The reported sp. gr of deoahydrated sodium sulphate, 
Na 2 S 04 IOH 2 O, range from E Stolba’s 1 460 to E. Eilhol’s 1 52 ; L Playfair and 
J P. Joule’s value is 1 469 (3 90°) , and P. A Eavre and C A Valson, 1*455 (26*5°). 
The published values of the sp gr. of potassium sulphate range from G. Karsten’s 

2 6232 to A. E H Tutfcon’s 2 6633 (20°) ; E Stolba’s 2 645 (16°) ; P. A Eavre 
and CL A. Valson’s 2 653 (21*8°) , and L Playfair and J P. Joule’s 2*656 (319°) 
The reported values for rubidium sulphate are 3 640 (16*8°) by O. Pettersson ; 
4 250 (16°) by W. Spring , and 3 6113 (20°) by A. E. H. Tutton Eor caesium 
sulphate, A. E H. Tutton gives 4 2434 (20^ , 0. Pettersson, 4 105 (19*2°) , and 
\V Spring, 4*250 (16°). E. M Jager’ s value s for the sp.gr of the molten alkali 
sulphates are indicated in Table XXX V ITT For lithium, the sp. gr £ at 0°, 
water at 4° unity, is £=2*0C8— 0 000407(0 —850) ; sodium sulphate, 
D =2*061 —0*000483(0—900) ; potassium sulphate, £=1*872— 0 0005449(0—1100) ; 
rubidium sulphate, £=2 562 — 0 000665(0 — 1050); and caesium sulphate, 
£=3 034— 0 000711(0— 1040)— 0 000000494(0— 1040)*. E, Brunner's value foi 
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sodium sulphate is D—0 066— 0 00045 (0 — 900) For the effect of press on the 

sp. gr of potassium sulphate, vide the alkali chlorides 

The capillary constants 31 of molten sodium and potassium sulphate are 
respectively a 2 = 17 64 and IT 25 sq mm , while the surface tensions are respectively 
1S2 and 177 7 dynes per cm F M Jager’s values for the surface tension (dynes 
per cm ), sp gr , and mol surface energy (ergs per sq cm ) of molten alkali sulphates 
are indicated m Table XXXVIII 


Table XXXVIII — The Specific Gkavities abt> Sttreaoe Tensions of the Molten 

Alkali Sulphates. 


Temp 

Surface 

tension 

Sp gr. 

Mol. surface 
energy 

Temp coefl. 
per degree 

I>i a SOj | J214 0 

• 


223 8 


3231 

0 60 

• 


200 3 


3039 

0-60 

Na.SO.j^: ; 

• 


194 8 


3295 

0*30 



184 7 

1 971 

3199 

0 30 

K,so, {\Z? ; 



143 7 

1-888 

2936 

0 90 

• 


106 8 

1 569 

2408 

0 90 

Rb « 80 <{l545° : 

• 


132 5 

2 538 

2953 

1 92 

• 


108 9 


2643 

0 27 

wills ; 



111 3 

■ 

2694 

1 91 



83 0 

2 566 

2248 

0 43 


AEH. Tutton 82 gives for the coefficients of thermal expansion of the crystals, 
at 0°, in the directions of the a, b, and c aatffe : 


Potassium sulphate 
Rubidium sulphate 
Osesium sulphate 


0*00003616 

3637 

3385 


b 

0*00003225 

3214 

3195 


0 00003634 
3463 
3590 


The best representative values for the melting points of the anhydrous alkali 
sulphates 88 are 

1^804 NaaS0 4 K,S0 4 Rb a S0 4 0s a 80 4 

Ep 869° 880° 1074° 1074° 1019° 

The values for kthium sulphate range from T. Carnelley’s 818° ±2° to K Hiittnex 
and 0- Tamm ami's 859° , for sodium sulphate, from V. Meyer and W. Riddle’s 
861° to K Huttner and G-. Tamm aim's 897° ; for potassium sulphate from 
H le Chatelier’s 1015° to V. Meyer and W. Riddle's 1078* ; for rubidium sulphate, 
K Huttner and G Tammann give 1074°, and for caesium sulphate, 1019°. According 
to G Tammann, the change m vol dv on melting Glauber’s salt is dv = 0 0037 
— 0'000008p, when the press, is £ ; and the effect of press, on the mp. 0 is 
0=S2'6-|-O’OOO5O7p— 0 00000055y> 2 E. Cohen gave for the latent heat of fusion, 
48 cals, per gram, or 16500 cals per mol. 

Sodium or potassium sulphate volatilises in a platinum crucible at the temp of 
a powerful blast-gas flame, and if but partially volatilized, m the hottest part 
of a Bunsen’B flame, the residue has an alkaline reaction According to 
R Bunsen, 84 sodium chloride volatilizes 15-04 times as rapidly as sodium sulphate, 
and 10 times as rapidly according to T. H. Horton and D. M. Roth. The corres- 
ponding numbers for potassium sulphate are 7-89 and 6*73. D. D. Jackson and 
J J. Morgan found the vapour pressure of potassium sulphate to be 0-4 mm 
of mercury at 1130°. G. P Baxter and J. E. Lansing measured the vap. press, 
of crystals of hydrated sodium sulphate. According to A Schuller, 35 the specific 
heat of sodium sulphate is 0*2293 (28°-*57°) , 0-23115 (15°-98°), according to 
H V Regnault , and 0 227 (13°-45°), according to H Kopp. Fox potassium 
sulphate, H. V. Regnault gives 0-19011 (15°-98°) ; and H. Kopp, 0-196 (13°-45°). 
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The heats of formation 35 of anhydrous alkali sulphates from their elements is 

lijSO^ N&jSOj KjSOj EbjSO^ ObjSO^ 

Heat formation . . . 342 328 0 244*6 344*7 349 8 Cals. 

Heat soln . . . 6*05 0 5 —7*4 —6 7 —6 0 CaJs 

The heat of formation m dil aq soln. 2Li0Haq+H2S0 4 aq=31 29 Cals ; for 
sodium sulphate, 31 38 Cals ; fox normal soln. of potassium sulphate, 31 29 Cals The 
heat of solution of anhydrous lithium sulphate is 6 05 Cals ( J Thomsen) and 6 05 Cals. 
(S U Pickering) ; for sodium sulphate is 400H 2 O, J Thomsen gives 0*46 Cals., and 
M. Berthelot and L Usoyay de Nagy Usova, give foi the heat of soln. Q of sodium 
sulphate in 100H 2 O at 0°, the mterplation formula Q=0 44+0 0526(0—15) Cals. 
J Thomsen gives — 6 38 Cals, for the heat of soln. of potassium sulphate m 400H 2 0 ; 
and for 100H 2 O at 15°, M Berthelot and L. Esovay de Nagy Usova, —6 158 Cals, 
According to S. U. Pickering, the heat of soln. of potassium sulphate in 400H 2 0 
at 3° is —7 997 Cals. , at 10°, — '7*301 Cals ; at 20°, 6*41 Cals R de Forcrand 
gives for the heat of soln of rubidium sulphate, — 6 66 Cals at 15° ; and for caesium 
sulphate, — 4 97 Cals , the heat of formation of hydrated lithium sulphate . 
Li 2 S04+H a 0~2*64 Cals J Thomsen gives the heat or formation of decahydrated 
sodium sulphate * Na 2 S04+10H 2 0 =19*22 Cals , or, according to M Berthelot, 
18*64 Cals. The heat of soln of hydrated lithium sulphate, L^SOi H 2 0, is 3 4 Cals. ; 
for decahydrated sodium sulphate, Na 2 S0 4 10H 2 0, in 400H 2 O, J Thomsen gives 
—18*8 Cals ; and M Berthelot, with 900 to 1800H 2 0, —18 1 Cals J. Thomsen 
found for the heat of dilution of sodium sulphate soln, containing n mols of water, 
n=0, 0 Cal , n= 100, -0*665 Cal ; w=200, —1 13 Cals , n= 400, —1 38 Cals ; 
and n=600j —1*48 Cals. M, Berthelot pointed out that his value for the heat of 
soln. of sodium sulphate, Na 2 S0 4 +Aq=0 78 Cal , differs from P. A Favre’s value 
0T7 Cal far too muoh to come within the range of experimental error, and he 
came to the conclusion that these and similar discrepancies with magnesium sulphate, 
MgS0 4 H 2 0+Aq=13 3 Cals (J. Thomsen), and 10*986 Cals (M. Berthelot), etc., 
are best explained by assuming that these salts exist in at least two modifications. 
Previously fused sodium sulphate has a higher value than the unfused salt 
S. U. Pickering found that previously fused sodium sulphate has a mol. ht of 
dissolution of 61-68 cals , and the unfused salt 47-50 cals , and he infers that the 
one form is converted into the other at about 200°. It has not been tested whether 
the explanation is not due to a partial decomposition of the salt during fusion as 
in the analogous case of sodium carbonate 

The water solubilities of the alkali sulphates, expressed m grams of anhydrous 
salt per 100 grins, of soln., are 




0° 

10° 

20° 

40 ° 

60 ° 

80 ° 

100° 



. 26*1 

26 9 

26 5 

24*7 

i4*2 

23 5 

23 0 

Ha a S0 4 


. 4*76 

8*3 

16*3 

32*8 

31 2 

30*4 

29 8 

F # S0 4 


. 6*86 

8*44 

10*00 

12 86 

16 38 

17 63 

19 41 

Hb gS0 4 


. 27 3 

29 9 

32 5 

36-9 

40 3 

42 9 

46 0 

Cs a S0 4 


. 62 6 

63 4 

64*1 

66*6 

66 7 

67 8 

68 8 


The solubility data for lithium sulphate are by P. Kremers ® 7 and A, iStard , 
according to H. Lescoeur, the monohydrated salt, Li 2 S 04 H 2 0, is the solid phase 
from 0° to over 100°. There is a maximum m the solubility curve of 26 5 at —5° , 
18*4 at -20°, J 

A Stard gives the percentage solubility S of lithium sulphate at 9° between 
20 and 10 5° as $=18 5+0*84210, and between — 10 5° and 100°, by 
$—26 5—0 02410. T W. Richards and V. Yngve found the solubility S of sodium 
sulphate in grms of Na 2 S0 4 per 100 grms. of water at 0° between 15° and 25° is 
log $=0*659970+0 29638890 +0 OOOO6889250 2 , and the solubility of this salt has 
been suggested as a means of measuring temp. Data for sodium sulphate have 
^ a 7 ^ussac, L C de Coppet, H. Lowel, Earl of Berkeley, 
and T. W. Richards and R 0. Wells, data over 100° have been obtained by 
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A JStard, and by W. A. Tilden and W A. Shenstone. The eutectic temp with 
3*85 per cent, of Na 2 S0 4 is at — 1 2° , the solid phase up to 32 383° is deoahydiated 
sodium sulphate, Na 2 S0 4 10H 2 0 , and above that temp , the anhydrous salt is the 
solid phase with a solubility 29 5 at 120° , 29'6 at 140° ; 20*40 at 160° ; 31 4 at 
180° , and 31 7 at 230° ; A £tard gives 29 90 at 190° , 30 80 at 240° ; and 17*80 
at 320°. The metastable heptahydrated sodium sulphate, Na 2 S0 4 7H 2 0, has its 
eutectic temp with 12 7 per cent. Na 2 S0 4 at —3 55° ; and H. Lowers data for 
the solubility, expressed m grams of anhydrous salt per 100 grms. of soln with 
the solid phase Na 2 S0 4 7H 2 0, and Na 2 S0 4 10H 2 O, are : 

0 “ 5 ° 10 ° 15 * 20 ° 24 - 4 ° 

Heptahydrated salt . 16 3 19 4 23 1 27*0 30*6 84 1 

Deoahydrated salt 4 76 6*0 8 3 11 8 16 3 21 9 (26°) 

Hence, in accord with the general rule, the solubility fox the labile phase, 
Na280 4 7H 2 0, is greater than for the stable phase, Na 2 S0 4 10H 2 0 The transition 
temp of the heptahydrated salt to anhydrous sodium sulphate is 24*4 J. P, Wuite’s 
solubility curves axe illustrated in the chapter on solutions . J. Block, and G-. Tammann 
have studied the effect of press on the transition temp. The data for potassium 
sulphate are by L 0 de Coppet, J L Andre®, Earl of Berkeley, and J* E Trevor. 
According to G. Brum, the eutectic temp, with 6 54 per cent, of potassium sulphate, 
is —1 55°, and, according to W. A Tilden and W. A Shenstone, the solubility at 
120° is 20 9 , at 143°, 22 4 ; and at 170°, 24*7 per cent A. fitard says the solu- 
bility between 175° and 220° is virtually constant with 24 5 per cent. KgS0 4 . For 
the solubility curve of potassium sulphate between 0° and 160°, A. Etard gives 
5=7 5+0*1070 ; and 0 Blarez between 0° and 30°, 5=8*5 +0 120. A. E. Norden- 
skjold also gives log 5=1 1061+0 0081170-0 000032460 2 ; and J. L. Andre®, 
S=9 219+0 19304(0— 10)— 0*0003083(0— 10) 2 . Tbe data for rubidium and caesium 
sulphates are by A. iStard, and Earl of Berkeley — at 102 4° the solubility of 
rubidium sulphate is 45 2 per cent , and of caesium sulphate at 108*6°, 69 2 
per cent 

C. Blarez 88 found the solubihty of potassium sulphate to be depressed by the 
presence of potassium chloride, bromide, or iodide to Buoh an extent that as much 
potassium sulphate is precipitated from the sat soln as is eq to the potassium 
added as halide. A. Seidell also found the solubihty of sodium sulphate to be 
depressed with increasing proportions of sodium chloride in the soln , sodium sulphate 
is almost insoluble m soln. with 35 5 grms of sodium chloride per 100 grms. of 
water. J. vou Liebig stated 39 that potassium sulphate does not dissolve in potash- 
lye of sp. gr. 1 35 ; A. Stromeyer also found that potassium sulphate dissolves 
but sparingly m soln of potassium acetate. Of all the salts of potassium yet tried, 
the sulphate is the least soluble in aqua ammonia 40 Thus H Giraud found that 
100 o.o. of soln. containing 0, 15 37, and 31 02 grms. of NH S in 100 c.c. of water, 
dissolved respectively 10*804, 0 828, and 0*042 grms. of potassium sulphate. Potas- 
sium sulphate dissolves much more Teadily in soln. of sodium sulphate, magnesium, 
or copper sulphate than it does m water alone, due, no doubt, to the formation 
of double salts. 

According to H. Kolbe, 41 lithium sulphate is insoluble in absolute ethyl alcohol , 
but 0 W. G. Kastner found it to be soluble in aq. alcohol, and F A, H. Sohreme- 
makers and W. A van Dorp found lithium sulphate to he virtually insoluble in 
80 per cent alcohol, hut the solubility mcreases rapidly as the amount of water 
increases. The solubility of sodium sulphate in aq. alcohol of different temp and 
cone, has been studied by 0 A L. de Bruyn 42 Sodium sulphate is virtually insoluble 
in alcohol of greater cone, than about 72 per cent. For example, at 15°, with 
deoahydrated sodium sulphate, per 100 grms of solu. : 


Water 

. 

• 

. 88 7 

86 1 

78 6 

00 0 

41 '1 

28 0 

Aleohol 


• 

0 

8 0 

18 9 

39 5 

58-8 

72 0 

Na a S0 4 

• 

m 

. 11 3 

63 

29 

0-5 

0 1 

0-0 
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With certain cone , the soln separates into two layers thus, at 25°, the upper layer 
he-s H 2 0 C s H 5 OH : Na 2 S0 4 in grins per cent , 66 5 : 27 3 . 6 2, and the Lewei 
layer, 67 4 : 5 1 : 27 5 , at 45°, the upper layer has 66 ■ 24 . 10, and the lower layer, 
68 6 : 10 1 . 21 3. A GGrardm and H. Schiff found with 10 per cent alcohol, 
at 15°, 100 grms. of a sat soln. contained 3 9 grms of potassium sulphate, 20 per cent, 
alcohol, 1 4:6 grms. , 30 peT cent , 0 56 , and 40 per cent , 0 21 While 100 grins 
of alcohol of sp. gr 0 939, at 60°, dissolved 0 92 grm of potassium sulphate, only 
0 16 grm. was dissolved at 40° According to C E Linebarger, 100 gTms of 
24 2 per cent propyl alcohol dissolve 1 99 per cent of sodium sulphate , and 
62 per cent propyl alcohol, 0 38 per cent sodium sulphate Y. Rothmund and 
N T M. Wilsmore found acetic acid dissolved 4 2 grms. Na 2 S0 4 , and 115*4 grms. 
K 2 S0 4 peT litre at 25° ; and 128 58 grms Na 2 S0 4 and 82 7 grms. K 2 S0 4 Similarly 
with fheml , 3 01 grms CaHgOH and 115 0 grms K 2 S0 4 were dissolved per litre ; 
and 46*82 grms. CqH^OH and 93*8 grms K 2 S0 4 According to A Kohler, 100 grms. 
of a sat. soln. containing 52 grms. of sugar hold 9 6 grms of sodium sulphate in 
soln. , and 100 grms of a sat soln containing 66 74 grms of sugar hold 3 18 grms 
of potassium sulphate in soln A Yogel found 100 grms glycerol of sp gr 1 255 
dissolve 1 316 grms. of potassium sulphate at ordinary temp. ; and at ordinary 
temp , W F. O. de Conmck says that glycol dissolves 3 0 to 3 2 per cent of csBsium 


sulphate 

According to Y. Rothmund’s experiments 48 on reciprocal solubility, if the 
solubility of a substance A is diminished (or mcreased) by the addition of another 
substance B, then the solubility of B } m turn, will be decreased (or mcreased) by 
the addition of A R Lowenherz f ound that the solubility 
t of anhydrous sodium carbonate at 32° is considerably 

| / JA* t depressed by the addition of urea to the soln , and the 

g JJy* solubility ot the decahydrate is slightly mcreased m 

jg presence of urea Accordingly, it might be argued from 

| / V Rothmund’s rule, that the solubility of urea will be 

^ T * T mcreased m soln of the decahydrate, and decreased m 

Temperature solus of the anhydrous salt, but G. S Hudson argues that 

JTia. 42. soln the two crystalline forms of sodium sulphate are 

identical in physical and chemical properties, and hence the 
solubility of urea cannot be affected m the way predicted by Y Rothmund’s reciprocal 
solubility rule. 


r JT- 

Temperature 
Fig. 42. 


In Fig 42, let the curves S A and S s respectively denote the solubilities of an 
anhydrous salt and one of its hydrates associated with n mols of water Let T 
be the transition temp where the yap press of a mixture of the two solids is equal 
to the vap press of their common sat aq. soln If a foreign solute be added to 
the soln , the vap press, is reduced, the transition temp, m the new soln will 
be reduced to T', and the solubility curves of the anhydride and its hydrate will 
cross at T' just as they cross at T when the pure solvent is used Since the transi- 
tion temp T' is lower than T, it will be necessary for the solubility of at least one 
of the two solids to be changed by the presence of the foreign substance In that 
case it can be shown that (1) the solubility of the anhydnde S A which forms a hydrate 
m soln will be changed to S A ; (2) the solubility S s of the hydrate will likewise 
be mcreased to S# ; (3) when a number of hydrates axe formed in aq soln , the 
solubility of the hydrate whioh has the greatest proportion of water will be mcreased , 
and (4) when a number of hydrates are formed m aq soln , the -solubility of the 
hydrate, which has less water than the hydrate m the solid phase, will be mcreased, 
and, conversely, the solubility of those hydrates with more wateT than is present 
in the solid phase, will be diminis hed 

Aq, soln. of lithium sulphate furnish monoclunc plates of monohydrated 
li th i um sulphate, LiSO t H 2 0 GCA van Dorp 5 s equilibrium curves are shown 
m Fig 44. If a cone soln of lithium sulphate be kept boiling for some time, 
J. W. Retgers 44 says that rhombic needle -like crystals of the anhydrous salt are 
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formed which have analogous optical properties with the anhydrous salt which 
has been fused or calcined The sp. gr. of the hydrated salt is smaller than that 
of the anhydrous salt, as indicated above. M. Faraday noticed that if the aq 
soln of sodium sulphate be evaporated cc considerably beneath the b.p of the 
soln ” the crystals resemble those of potassium sulphate more than Glauber’s 
salt, and they are anhydrous. W. HaidmgeT 45 made a similar observation 
E Mitscherlich placed 33° as hunting temp above which crystals of the 
anhydrous salt are obtained and below which Glauber’s salt is formed More 
exact investigations by T W Richards and R 0 Wells, and by H 0 Dicken- 
son and E F Muller, place the transition temp, at 32 383° ±0 001°. This 
point is so sharply defined and easily reproduced that it has been proposed as 
a fixed point in thermometry. R. Lowenherz found the transition point to 
be lowered m the presence of certain foreign materials, thus, J H. van’t Hoff 
and A. P Saunders found the presence of sodium chloride lowered the transition 
point to 18° , and C Sohultz-Sellack stated in 1871 that the anhydrous salt 
separates at ordinary temp from strongly alkaline soln If the crystallization 
from aq soln occurs below 32 383°, crystals of decahydrated sodium sulphate, 
Na 2 S0 4 10H 2 O, are formed. S. Tanatar was able to replace one of the mol of 
the water of crystallization by a mol of hydrogen peroxide of crystallization 
S Tanatar 46 evaporated a soln of sodium sulphate in 3 per cent hydrogen peroxide 
at 50°, and as soon as crystallization commenced, precipitated the sulphate by the 
addition of alcohol. The crystals contained the eq of NagSCXt 9H 2 0 H 2 0 2 , and 
lost about half the hydrogen peroxide in a week’s time 

Soln of sodium sulphate very readily assume a state of sup exsaturation or 
under-cooling by simply lowering the temp of a warm soln of sodium sulphate in 
half its weight of water while the flask is plugged with cotton wool These soln. 
have been accordingly largely employed in the study of this phenomenon. The 
state of sup ©maturation is upset, and the process of crystallization inaugurated by 
the introduction of a fragment of solid Glauber’s salt, which W Ostwald estimates 
should not be smaller than 10“ 9 grans There is usually enough dust of sodium 
sulphate crystals in the atm to start the process of crystallization. Crystals of 
other unrelated salts will not serve the same purpose The labile state occurs 
when the soln. has been cooled below — 15°, crystallization then spontaneously 
occurs without the need for seeding with a crystal of the solid salt. 

M Faraday 47 noted that while a hot cone. soln. of sodium sulphate in a closed 
vessel may be reduced to the common, temp without crystallizing, in some circum- 
stances, crystals form in the soln during cooling, even though the vessel has not 
been opened or agitated. H Lowel examined the crystals more carefully. 
H. Ogden’s, M. Faraday’s, and J B Ziz’s analyses make the salt appear 8H 2 0, 

hut when freed from contamination with the decahydrated salt, the crystals are 
those^of heptahydrated sodium sulphate, Na 2 S0 4 7H 2 0 ; and J C G de Mangnac 
showed that they belong to the tetragonal system H SohifE found that hot alcohol 
precipitated the heptahydrated sulphate from under-cooled soln of sodium sul- 
phate, but cold alcohol precipitates the decahydrated sulphate ; and R Brandes 
and E Firnhaber say that the decahydrated sulphate is precipitated from cold 
sat soln H Lowel prepared heptahydrated sodium sulphate in the following 
maimer: 

A soln of 22 parts of Glauber’s salt in 10 parts of hot water is poured into a flask- The 
liquid is cooled and twice its volume of alcohol at 40°, and sp. gr 0 835, is poured as a 
layer over the aq soln Crystals of the heptahydrated salt, free from the decahydrated 
sulphate, are formed as the alcohol mixes with the water The crystalline product can be 
freed from the adherent liquid by press 

H Yiolette 48 and E. H. von Baumhauer believed that this always occurred at —8°, 
but L C de Coppet showed that with the same soln it could be produced at temp 
between 6° and — 13'3°. The vap press, of the soln of heptahydrated salt at 20°, 
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is, according to H. Lesooeur, 10 5 nun., while those of the deoahydrated salt under 
the same conditions have a vap. press. 27 8 mm. The heptahydrated salt begins 
to dehydrate near 27° The fusion temp, of the decahydrated salt is 32*383°, the 
same as the transition temp , so also the fusion temp of the heptahydrated salt is 
27 and this is also the temp, at which the heptahydrated salt becomes anhydrous 
sodium sulphate — Fig 2 — -I 10 1. In the absence of traces of the decahydrated 
salt, the crystals of the heptahydrated salt can be preserved unchanged. If a 
soln sat with respect to the heptahydrated salt and in equilibrium with the solid 
phase be seeded with the deoahydrated salt, some decahydrated sodium sulphate 
will separate from the soln on account of the lower solubility of the last-named salt. 
The soln will therefore no longer be sat with respect to the heptahydrated salt, 
and some will dissolve to be immediately precipitated as decahydrated sulphate 
In this way, all the heptahydrated sulphate mil be transformed into the decahydrated 
sulphate Hydrated forms of potassium, rubidium, and caesium sulphates do not 
separate from aq. soln. J. Ogiex 49 claimed to have made hemihydrated potassium 
sulphate, K 2 S0 4 £H 2 0, or 2K 2 S0 4 H 2 0, hy crystallizing this salt m the presence 
of benzylsulphomo acid ; and T J. Pelouze a monohydrated sulphate, K 2 S0 4 H 2 0, 
by the oxidation of potassium sulphite or hyposulphite. There is, however, 
insufficient acceptable evidence. 

P. Kremers *° gave the specific gravity of a soln with 6 5 grins, of Li 2 S0 4 m 
100 gnus, of wateT as 1*05 ; with 12 5 grms., 1*098 , with 15*3 gnus , 1*118 ; with 
22*6 grms , 1*167 ; with 24 *4 grms., 1*178 , and with 29 4 grms., 1 208. G T. Gerlach 
has a table of sp. gr of soln of sodium sulphate at 15° for soln of Na 2 S0 4 and 
Na 2 S0 4 10H 2 O of different percentages : 

Per cent, salt .1 5 10 15 20 25 30 

Na 4 S0 4 . . 1*0091 1 0457 1 0927 — — — — 

Na a S0 4 10H 2 0 . 1*004 1020 10 40 1*060 1'082 1*103 1 125 

K a S0 4 . . 1*0082 1 0410 1 0750 (9) — — — — 

Data have also been given by H. Schiff, W. Schmidt, H. T Barnes and A. P. Scott, 
J. 0. G. de Marignao, E. H. Archibald, 0. M. Pasca, etc. J G MacGregor says the 
sp. gr, of a soln. with w per cent, of sodium sulphate, is 0*0091267w plus the sp. gr. 
ot water at the temp, m question ; similarly for soln. with less than 2 5 per cent, 
potassium sulphate, 0*0081 6 w 0. Pulvermacher measured the sp. gr. of soln. of 
potassium sulphate. A 9 per cent, soln at 20*1° has a sp. gr 1 0800, according 
to H. T. Barnes and A. P. Scott. 61 According to H. Erdmann, 62 a soln. of 
rubidium sulphate sat at 10° has a sp. gr. 1*2978 ; and, according to J. Kanno- 
rnkoff, a 6*14 per cent. soln. of the same salt, at 21*4°, has a sp. gr. 1*0485 (water at 
4° unity ) ; while a 4*55 per cent. soln. of caesium sulphate has a sp. gr 1 0350 
at 19 6°. 

F. Braun 68 found the coeff of compressibility of soln of sodium sulphate of 
sp. gr. 1 045 is 0*000043 , and W. 0. Rontgen and J. Schneider give for the mol. 
compressibility soln. containing a mol. of the anhydrous salt per 700 mols. of water 
at 18°: 

HjS 0 4 CNH 4 ) a S0 4 Ia a S0 4 K»S0 4 Na*S0 4 

Compressibility . . 0*970 0 853 0 813 0 804 0*803 

and for soln with 1500 mols. of water, H 2 S0 4 , 0 920 , (NH 4 ) 2 S0 4 , 0 741 , and 
Li 2 S0 4 , 0*655. Y Schumann measured the compressibility of soln of lithium and 
potassium sulphates, and W. Schmidt of sodium sulphate. G. Wertheim, and 
T, Martini measured the velocity of sound m soln of sodium sulphate. 

J . Holmes and P J Sagemann 54 have measured the changes in vol , dv s which 
occur on mixin g x per cent of one set of molecules in a binary mix ture where v is the 
change in vol., and compared them with the calculated values dv=x( 100 — x)K , 
where K is a constant evaluated from the observed values for equimoleoulaT mix tures. 
The following results were obtained : 
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Expansions dv, m aq soln per 100 mols. ol sulphuric acid 


Mols. of 
salt 

per cent 

K a S0 4 

NaaSO, 

<NH 4 ) a S0 4 

MgS0 4 

ZnS0 4 

CuS0 4 

Al a CS0 4 ) a 

Obs 

Calc 

88*9 

139 

165 

129 

114 

78 

65 

48 

>.A 

76’0 

279 

295 

261 

232 

159 

116 

91 


60 0 

394 

— 

368 

321 

226 

160 

130 


25 0 

269 

295 

259 

207 

163 

122 

100 


11 1 

137 ! 

156 

126 

97 

85 

61 

51 



According to J. Wagner, and 0. Pulvermacher, the viscosities of N-, 

%N- 9 and J-iV’-soln. of sodium sulphate, water unity, at 17*6°, are respectively 
1 2291, ri058, 1 0522, and 1 0235 , and for potassium sulphate* 1 1051, 1 0486, 
1*0206, and 1*0078 respectively. A Sprung and R F. d’Aioy 65 noticed no 
irregularity in the change of viscosity with the temp of soln of sodium sulphate 
m passing through the region of 33°. The diffusion coefficient in pure water 
at 10° for 1 42V-soln. of sodium sulphate is 0 66 sq cm. per day ; and for 
1*5#- soln. of potassium sulphate, 0 75 sq. cm. per day. The coefficient of 
cubical expansion of solutions of hthium sulphate with 27*5 grms. of the salt 
per litre is 0*000048 from 0° to 5°, 0 000107 from 5° to 10°, and 0*000366 from 
35° to 40° ; similarly with soln. with 55 grms. of salt per litre, the numbers are 
respectively 0*000101, 0*000150, and 0*000370; while with soln. with 110 grms. 
of salt per litre, the respective numbers are 0 000166, 0 000197, and 0*000367. 
K Zepermck and 0- Tammann 66 find that the volume of v of aq soln with 1 72 
grms. of sodium sulphate in 10 c c. of water is at 0° up to 0=150°, 0=1*0524 
+0 000868(0— 110)+0 0000022(0 — 110) a , and for soln. with 3*46 grms. per 10 c c. 
of water, 0=1*0533+0*000815(0-110) +0*0000025(0— 110) a . According to 
W. W. J. Nicol, the coefi of cubioal expansion of soln. below 34° is 0 000470 ; 
and at the transition point it falls to 0*000386. 0 Forch found the coefE. of cubical 
expansion of a soln of 43*5 grms of potassium sulphate per litre is 0 000078 between 
0° and 5° ; 0 000135 between 5° and 10° ; and. 0 000389 between 35° and 40°. 
Soln with 87 grms. of the salt per litre have the corresponding numbers 0 000148, 
0 000192, and 0 000402 respectively. W Spring gives 0 0126447 as the coefiL of 
cubical expansion of soln of potassium sulphate. 

The specific heat of solutions 57 of Bodium sulphate falls from 0*997 (12°-15°) 
for 1*9 per cent soln , to 0 892 (18°) for 10 8 per cent. soln. ; to 0‘781 (24°-100°) 
for 30 3 per cent soln. Similarly, for 4*6 per cent. soln. of potassium sulphate, 
the sp. ht is 0 9463 (19°-62°), and for 8*8 per cent soln., 0 902 (19°-52°). G. Jager 
found the thermal conductivity of 10 per cent soln. of sodium and potassium 
sulphates to be respectively 99' 8 and 99 3 (water =100). 

According to P. Bremers, 58 the boiling point of a sat. soln. of lithium sulphate 
is 105°, while for sodium sulphate H. Lowel gives 103 17° ; and G J Mulder, 
103 5°. 0. Matignon and F. Meyer found a sat Boln. of sodium sulphate boils at 
102° and contains 2 10 mols per 1000 grms of soln. Soln with 9*5 grms of NasSC^ 
per 100 grms. of water boil at 100*5°, according to G. T Gerlach, and with 46*7 grms. 
of salt, at 103 2. H Lowel found that a sat soln , when boiled becomes covered 
with a crust of anhydrous sodium sulphate When the soln sat. at 50° cools to 
about 29°, it deposits the decahydrated salt and its temp, then rises to about 31°. 
The bp of a sat soln. of potassium sulphate is 103°, according to P Kremers, 
and G-. T. Gerlach found a soln with 7 grms of salt in 100 grms of water boiled 
at 100 5°, and with 31*6 grms. of salt, at 102*1°, The Eail of Berkeley gives for 
the b p. of a sat soln. of rubidium sulphate, 102'4° ; and for cebsiuhl sulphate, 108*6°. 

G. Tammann 50 obtained 14 6 mm. for the lowering of the vapour pressure of 
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water at 100° by 5 99 grms. of lithium sulphate per 100 gims of water, and hy 
30 20 grms . 81 1 mm. ; by 5 05 grms of sodium sulphate, 9 0 mm , and by 42 44 
grms , 73 6 mm. , 6*31 grms of potassium sulphate, 10 1 mm , and 21 22 grms , 
32T mm . , and 11 58 grms of rubidium sulphate, 12 7 xnm , and 64 95 grms., 70 5 
mm. According to H Lescoeur, the dissociation pressure of decahydrated sodium 
sulphate is 3 8 mm at 0° , 5 2 mm at 5° , 7 0 mm at 10° , 19 0 mm at 25° ; 
and 24 0 mm at 29° The vap. press thus rises with temp to that of the sat 
soln at the transition point, for E Cohen found at 28 3°, 30 T°, and 32 6°, the 
yap, press of sat soln of Na 2 S0 4 are respectively 24 07, 26 60, and 30 82 mm 3 
and for sat soln of Na 2 S0 4 10H 2 0, respectively 26 20, 28 03, and 30 82 mm , 
E Cohen also measured the vap. press of sat soln at different temp 

According to F Rudorff, 00 20 parte of Glauber’s salt with 100 parts of water 
lowers the temp. 6 8°, «e from 12 5° to 5*7° , 12 parts of potassium sulphate in 
100 of water lower the temp about 3 3°. The lowering of the freezing point of 
a soln with 0 30 mol per litre is 3 87°, and it rises to 5 1° as the cone, falls to 
0*01 mol. per litre corresponding with the ionization of the salt into three ions. 
Similar results were obtained with potassium sulphate. 

The indices of refraction 61 of crystals of potassium, rubidium, and caesium 
sulphates have been measured by A. E H. Tutfcon, H Topsoe, and C Christiansen. 
A E H. Tutton’s values at 18°-20° are : 




C-lrne. 



n-line. 



i*-une. 



^ a 

? 

y s 

- a 

y 

y s 

x a 

V 

y v 

K a S 0 4 . 

14916 

14928 

14954 

14935 

1*4947 

1 4973 

1*4982 

1 4995 

15023 

Rb 2 S0 4 

I 5112 

1 5113 

1*5124 

1*5131 

1*5133 

1 5144 

1*5181 

1*5183 

1*5194 

Cs {SO 4 . 

1 5673 

1 5419 

1 5657 

1*5598 

1 5644 

1 5662 

1*6660 

1 5725 

1 6726 


The index of refraction of hthium sulphate soln , Li2SO 4 +150H 2 O, is I 3415 , 
and of Li 2 S0 4 +30H 2 0, is 1 3610 J. H Gladstone and W Hibbert 62 found the 
refraction eq for the D-line for 5 76 per cent, soln of sodium sulphate to be 25 84 , 
for 10 93 per cent soln , 25 93 , for potassium sulphate, 5 43 per cent, the refraction 
eq is 32 55 , and with 10 44 per cent, soln , 32 41 , with 9 42 per cent rubidium 
sulphate to be 25'84 ; for 10 93 per cent soln , 25*93 ; for potassium sulphate, 
5 43 per cent the refraction eq is 32 55 ; and with 10 44 per cent, soln , 32 41 ; 
with 9 42 per cent rubidium sulphate soln , 38 47 ; and 15 24 per cent caesium 
sulphate, 47 60. In passing into soln , there is 0 55 percentage increase with 
potassium sulphate, 1 6 with rubidium sulphate, and —0 5 with caesium sulphate 
0 Pulvermacher also measured this constant for soln. of potassium sulphate. 
The magnetic rotation 6f the plane of polarized light at 15° is 1*0556 for Na 2 S0 4 
+21 928H 2 0 soln , 1 0295 for Na 2 S0 4 +59 480H 2 O soln, thus giving for the 
mol rotation a value less than that of water which has the respective values 
2*953 and 2*869 W H Perkin 08 could find no evidenoe of ionization in sulphuric) 
acid soln. down to cono of about 10 per cent. H 2 S0 4 . 

Molten sodium sulphate has a specific conductivity 04 3680x10"" 8 (mercury 
unity) The equivalent conductivities. A, of soln of hthium, sodium, and potassium 
sulphates 85 with iV-gram-eq per litre, are, at 18° : 


N 


* 

. 0 0001 

0 001 

0 01 

0*1 

1 0 

JLi a S0 4 

• 

m 

• ■ 

96 42 

86 86 

68 16 

41 35 

£Na a S 0 4 

• 

m 

. 110 5 

106*70 

96 SO 

78 40 

50 80 

iK t S0 4 

• 

• 

. 130 71 

126 88 

115 80 

94 93 

71 59 


The ^-ZV-soln. of lithium sulphate is about two-thirds ionized. 0 OliV-soln of 
potassium sulphate at 0° are 84 5 per cent ionized ; 0 liV-soln , 65 5 per cent.: 
and 0 2N- soln , 59*5 per cent ionized G. N. Lewis and G A, Linhart have measured 
the degree of ionization of soln of potassium sulphate calculated from A A. Noyes 
and G K. Falk’s determination of the ratio A/A^ and the value calculated thermo-’ 
dynamically, and found the former to be about 20 per cent, less for soln with 0 01 
mol. per litre. The corresponding numbers at 18° are 83 0, 66 0, and 60 1 per cent 
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The transport number of the anion of potassium sulphate from about to N- 
fioln. lies between 0*500-0 506 and the temp coeff. for the conductivity' of 0‘01-ZV- 
Boln , 0 0223 (18°-26°) , and for sodium sulphate soln , 0 0240 (22°). The potential 
difference 66 of a normal soln of sodium sulphate against 10 per cent H 2 S0 4 is 
—0 148 volt , ordinary commercial nitric acid, —0 677 volt ; against 60 per cent. 
KOH, 0 154 volt , and is inappreciable against 33 per cent Z11SO4, and a sat. 
soln of CuS0 4 . G. M. J McKay measured the transport n um ber with mixed 
soln of potassium chloride and sulphate A Heydweiller found respectively 3 34 
and 5 87 for the dielectric constant of powdered and compact potassium sulphate ; 
and C B Thwing, 6 45 fox potassium sulphate 

R Nacken 67 has investigated the f p curve of binary mixtures of lit hium and 
sodium sulphate, and found evidence of the formation of compounds Li 2 S0 4 Na 2 S0 4 
melting at 520°, and of 2 Li 2 S0 4 3Na 2 S0 4 , with lithium and potassium sulphate, a 
maximum m the curve corresponds with the formation of Li 2 S0 4 K 2 S0 4 mel ting 
at 716° , R Slacken and E Janecke find evidence of the formation of a compound 
3K 2 S0 4 Na2S0 4 melting at 470° with K 2 S0 4 and Na 2 S0 4 , while above 600° they 
form a eutectic about 20 per cent K 2 S0 4 melting at 830°. R Nacken found 
evidence of the formation of a compound of silver Bulphate with li thium Bulphate 
— 2Li 2 SO i 3Ag 2 S0 4 — but none with silver sulphate and sodium or potassium 
sulphate. 

Lithium sulphate forms no double salt with barium or strontium sulphate, and 
in this respect it differs from the other alkali sulphates whioh form compounds of 
the types M"S0 4 3M 2 / S0 4 , M"S0 4 M 2 / S0 4 , 2M // S0 4 M 2 'S0 4 For example, 
SrS0 4 K 2 S0 4 , SrS0 4 3Na 2 S0 4 , etc H Muller found no evidence of combination, 
between kthium and calcium sulphate, but with calcium and sodium sulphates, 
H. Muller and G Calcagni and G Mancim found a maximum m the curve at 949° 
corresponding with the formation of the compound 3Na 2 S0 4 CaS0 4 , the calcium 
analogue of vanthoffite With potassium, rubidium, or caesium, and calcium 
sulphates, H. Muller found evidence of the formation of K 2 S0 4 2CaS0 4 , melt ing 
at 1004° , of Rb 2 S0 4 2CaS0 4 , melting at 1043° ; and of Cs 2 S0 4 2CaS0 4 , melting 
at 959°. The fusion curve of beryllium and potassium sulphates show that tetra- 
gonal crystals of K 2 S0 4 .2BeS0 4 , melting at 910°, are formed R. Nacken, and 
A S Ginsberg found potassium and magnesium sulphates form a compound, 
K 2 S0 4 .2MgS0 4 , melting at 927°, and corresponding with the mineral langbeimte ; 
while with sodium and magnesium sulphate there is evidence of the formation of 
3Na 2 B0 4 MgS0 4 — vanthoffite — and of Na 2 S0 4 3MgS0 4 Sodium sulphate was 
found by H, E Boeke to give no compound with sodium molybdate, Na^oO^ 
or with sodium tungstate, Na 2 W 0 4 E Gr os chuff found no evidence of combination 
between potassium sulphate and chromate A Wolters found sodium fluoride 
and sulphate form a compound NaE.Na 2 S0 4 , melting at 781° ; B Karandeeff 
likewise obtained a maximum, with the compound KE.K 2 S0 4 , melting at 887°, 
on the f p. curve of potassium fluoride and sulphate ; but neither A Wolters nor 
E. J anecke found any with sodium sulphate ana chloride 

Potassium, rubidium, and caesium sulphates are lBoraoxphous and form a series 
of mixed crystals. Lithium sulphate is not isomorphous with the other alkali 
metals, and does not form mixed crystals , it does, however, unite with sodium, 
potassium, rubidium, caesium, and ammonium sulphates, forming double salts, 68 
of the type Li 2 S0 4 M 2 S0 4 , or MLiS0 4 Some other double lithium sulphates 
have been reported — Li 2 S0 4 3Na 2 S0 4 .12H 2 0, that is, LiNa 8 (S0 4 ) 2 6H 2 0 ; 
Na 4 Li 2 (S0 4 ) 8 9H 2 0, and the corresponding anhydrous potassium salt , and 
Na 2 Lia(904) B 5H 2 0 and K 2 Li 8 (S0 4 ) 6 5H 2 0 A mixed soln. of sodium and potassium 
sulphates deposits optically uniaxial crystals which have been reported as hexagonal 
potassium sulphate, but these crystals always contain sodium J W Retgeis 
showed every reason to suppose that a double salt, NaK 3 (S0 4 ) 2 , or Na 2 S0 4 3K 2 S0 4 , 
corresponding with the mineral glas&nU, is formed. E. Penny 09 has reported the 
compound 3K 2 S0 4 Na^SO^ or KgNafSO^ ; and J. H Gladstone, 5K 2 S0 4 Na 2 y0 4 . 
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or E^NafSOJs H. W. B. Roozeboom’s 70 study of the system Na 2 S 0 4 — MgS0 4 
— H 2 0 shows the conditions under which astracamte, Na 2 Mg(S0 4 ) 2 4H 2 0, is formed. 
There are numerous other double salts — the alums, the double sulphates of the 
type K 2 M(S0 4 ) 2 6H 2 0, where M represents an atom of cobalt, copper, nickel, 
zinc, magnesium, or ferrous iron, etc. R. F. Weinland and J. Alfa 71 prepared 
fluosulphates, K 2 S0 4 KHS0 4 2HP, that is, KsHsI^SO^ ; E de Haem 
K 2 S0 4 SbF 8 , etc 

Chemical properties of the alkali sulphates.— The alkali sulphates volatilize 
at a high temp with a slight decomposition, since J B. J. D. Boussmgault 72 found 
the residue left after incomplete volatilization reacted alkaline The sulphates are 
reduced by hydrogen over 500°, forming a mixture of alkali sulphide, and hydroxide 
and sulphuric acid The first action, says M. Berthelot, is probably K«S0 4 +4H© 
=K0H4-KSH+3H 2 0 — 0 9 Cal , or Na2S04+4H 2 =3H 2 0+Na0H4-NaSH“hl4: , 6 
Cals The hydrosulphide then decomposes 2KSH==E 2 S -fH 2 S, and the hydrogen 
sulphide can react with the alkali: E0H+H 2 S==KSH+H 2 0+13'4: Cals The 
sulphide can also react with water vapour . K 2 S+H a O=KHS+KOH+7 , 3 Cals. The 
hydrogen sulphide may also decompose mto hydrogen and sulphur, and the latter 
can react with the alkali sulphides : K 2 S-f3S-=K 2 S4+15 4 Cals Carbon 78 acts 
only at a high temp , forming alkali sulphide and carbon dioxide. 7 * A Colson 
says that when heated m an iron pipe, practically no reaction occurs below 960° ; 
but above this temp the reduction is rapid and uniform - Na 2 S0 4 +4C=Na2S-[-4C0 , 
Carbon monoxide forms the sulphide and carbon dioxide. Sulphur dioxide does 
not act at a red heat, and sulphur 76 at a red heat forms sulphide and sulphur 
dioxide. Finely divided iron at a red heat forms potash, and iron sulphide and 
oxide and zinc forms potassium sulphide and zdno oxide When heated to redness 
with ammonium chloride it is converted into potassium chloride, 78 but the operation 
must be repeated a number of times for a complete transformation Hydrogen 
Chloride does not appreciably attack potassium sulphate at0°, the reaction commences 
about 100°, and at 360°, the conversion to ohlonde is incomplete , at a red heat all 
is converted into chloride. 77 The addition of strong acids to soln of the sulphates 
converts them partially into salts of the acid with the liberation of sulphuric acid. 
Thus, A. B. Prescott showed that 0“7 per cent of potassium chloride is formed when 
a gram of potassium sulphate is evaporated to dryness with 4*036 grins of hydro- 
chloric acid containing 1 251 grins, of HC1 Gone hydriodic acid converts soluble 
sulphates mto iodides, with the evolution of hydrogen sulphide. 7 ® To tr ans form a 
sulphate to a carbonate, dissolve the salt in a soln, of carbonic acid, and add about 
1*6 times its weight of barium carbonate after shaking the mixture, heat it to the 
b.p , and filter off the soln, of alkali carbonate. E Brunner 79 found that with fused 
mix tures of sodium chloride and lithium sulphate at 900°, the equjLbrium con- 
dition is 60 per cent, of (NaCl+JLi a S04)^(LiCl+iNa 2 S0 4 ) 40 per cent 

According to G. S. Butler and H. B. Dunmeliff, dry alcohol acts on dry sodium 
hydrogen sulphate, with the formation of the intermediate sulphate, NagH(S0 4 ) 2j 
or Na^SO* NaHS0 4 , and the liberation of sulphuric acid, which dissolves m the 
alcohol, and is subsequently converted partly mto ethyl hydrogen sulphate Pro- 
longed action of alcohol does not extiact any further quantity of the acid Methyl, 
n-butyl, and amyl alcohols also react with sodium hydrogen sulphate, with the 
formation of the same intermediate sulphate. Dry ethyl alcohol does not decompose 
dry potassium hydrogen sulphate Moist alcohol will completely decompose 
sodimn hydrogen sulphate, giving first the intermediate sulphate, Na 2 S0 4 NaHS0 4 
uormal sodium sulphate. Sodium sulphate is sparingly soluble in moist 
alcohol. Alcoholic sulphuric acid reacts with sodium sulphate in the cold (18°), 
with the formation of an acid sulphate The amount of the interaction increases 
with the strength of the alcoholic sulphuric acid employed. When alcoholic 
emphunc acid acts on sodium hydrogen sulphate, the intermediate sulphate, 
Na z D0 4 .NaHS0 4 , is formed if the strength of the alcoholic sulphuric acid corre- 
sponds with 20 per cent, or less. When the alcoholic sulphuric acid has a str eng th 
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corresponding with 30 per cent, of sulphuric acid or more, the compound, 
Na 2 S 0 4 , 2 NaHS 04 , is probably produced , if so, this compound is slowly decomposed 
by constant extraction with pure, dry ether, and finally yields the compound, 
Na 2 904,NaHS0 4 The compound, Na 2 S0 4 NaHS0 4 , is formed when dry sodium 
sulphate is heated with dry sodium hydrogen sulphate. 
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§ 26. Alkali Acid Sulphates j Alkali Hydrosulphates 

XI H0 faut pas que l 1 acid 0 soifc aianplement melo avec le s©I noutro, il faut qu’ii y ait 
ooherenoe de Taoide aveo les ^ aut res parties, qu’ii fasse combmaisoa, et qu’ii y en ait 
une juste quantity , Pexc 6 s d’acide a aussi son point de saturation — G. B*. Rotjellh 
(1764) 


In an important M&moire sw les sels vieuhes, published in 1764, 6. F Rouelle 1 
was the first to comment on the formation of crystals of alkali bisulphate, or the 
alkali hydrogen or acid sulphate by the action of sulphuric acid on the neutral 
sulphate He emphasized the fact that sels aoides , as distinguished from sels 
neutres , are formed by the action of a superabundance of acid on the base, the 
excess "of acid is not simply mixed with the neutral salt, but is chemically combined 
and that m une juste quantite , otherwise expressed in a fixed and definite proportion. 
The affinity of the alkali for the acid is not completely exhausted, so to speak, by 
the formation of the acid Balt 

H, Rose 2 found that powdered potassium sulphate slowly absorbs the vapour 
of sulphuric acid Mixed soln of the alkali sulphates and sulphuric aoid deposit 
double salts whose composition is determined by the temp , the cone., and the 
relative proportions of acid and salt in soln. For example, a cono. soln cont aining 
eqm-moleouiar proportions of potassium sulphate and potassium hydrosulphate 
will give monocluuo plates of the salt K 8 H(S04) 2 , that 
is, K 2 S0 4 KHSO4 The proportion of normal sulphate in 3 
a mixed soln. of potassium sulphate and sulphuric acid 
increases proportionally with decreasing amounts of acid, ” 
until, when the proportion is K 2 S0 4 . H 2 S(>4=2 * 1, the ^ 
solid phase is entirely normal sulphate. Dil. soln con- •§ 
tarn mg K2SO4 . H 2 S0 4 =1 2 to 3, give monoclmic plates F ' 
of K 2 S0 4 3KHS0 4 H 2 0 ; while cono soln give needle- 
like crystals of the salt K 2 S0 4 6KHSO4, which is rather 
unstable and readily breaks down mto E 2 S0 4 3KHS04 0 

and KHSO4, Similarly with soln of sodium sulphate and 
sulphuric acid If the number of mols of normal sulphate, Z Na a S0 4 with tocreas- 
Na 2 S0 4 , and of sulphuric acid, H s S0 4j in equilibrium mg^roportions H B S0 4 
with a solid phase or phases at 26°, be plotted, a curve per 100 grms. of Soln 

will be obtained with breaks as illustrated in Fig 43, 

which shows the limiting cono for the passage from Na 2 S0 4 10H 2 0 to the anhydrous 
sulphate, Na 2 S0 4 , thence to the trisoebum hydxodisulphate, anhydrous Na 3 H(S04) 2j 
or hydrated Na 2 H(S0 4 ) 2 H 2 0. "With a greater mcrease m the cone of the aoid, a 
break appears corresponding with the formation of mono hydrated sodium hydro- 
sulphate, NaHS0 4 H 2 0 , then the anhydrous hydrosulphate, EaHS0 4 , appears, and 
the curve ]oins on to that depicted ru Fig 47. A comparatively large number of acid 
sulphates of potassium, XH2SO4 yK 2 S0 4 , have been reported which are not paralleled 
by companions of the other alkalies, not necessarily because such compounds do not 
exist, but because they have not been sought. Some of the alleged compounds may 
be mixtures, because the evidence of unique chemical individuality is not always 
forthcoming The phase-rule test applied by W Stortenbeker, C. G A van Dorp 
and J d’Ans 8 has shown the existence of the following potassium, sodium, and 
lithium compounds with definite conditions of stability between 18° and —25° 
To these have been added the well-defined anhydro- or pyro-sulphates, M 2 S 2 0 7 . 
and the reported parallel compounds of the other alkalies 



lii thmm Sodium 

— Na a H(S0 4 ) 2 

Li*H 4 (S0 4 ) t m^tSOJa 


Potassium 

K s H(60 4 ), 

K a H,(S0 4 ) 4 
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.Rubidium. 
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Sodium 
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Rb a S 8 0, 

CsgSjO 3 
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NaHS s O, 

khs 2 o 7 
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— 


The general results are m agreement with the rule that the stability of an 
additive compound increases with the differences m character — positive or negative 
— of its components 

G C. A. van Dorp’s curves for the ternary system lithium sulphate, sulphuric 
acid and water, are shown m Pig 44 The solid phases AB represent the mono- 
hydrated sulphate, Li 2 S0 4 .H 2 0 , BC, the anhydrous sulphate, Li 2 S0 4 , and CD, 
the hydrosulphate, LiHS0 4 J Kendall and M L Landon found on the f p curve 
of the binary mixture evidence of the hydrosulphate unstable at its m.p 170*5°; 
of dilithium tetrahydrotrisulphate, Li 2 80 4 2H 2 S0 4 , unstable at its m p and pass- 
ing into the hydrosulphate at 50° , and of lithium heptahydrotetrasulphate, 
Li>S0 4 7H 2 S0 4j or LiH 7 (S0 4 ) 4 , with a m p 13 6°. 

P. Pascal and M Ero also studied the ternary system, Na 2 S0 4 — H 2 S0 4 — H*0. 



tfdeSCU 



Him* H,S(k 

Fig 45 — Regions of Stability of the Solid 
Phases m the Ternary System, H a S0 4 
— Na a SO*— H 2 0 (P Pascal and M Ero) 


and found the solid phases and their domains of stability which are indicated m 
Fig.45. The compound trisodiumhydrodisiilpliate,Na 3 H(S0 4 ) 2 ,te (Na2S0 4 )3H 2 S04, 
or Na 2 S0 4 NaHS0 4 , was obtained by T. Thomson, 4 m 1825, during the evaporation 
of the product left after heating sulphuric acid with sodium ohlonde in the 
preparation of hydrogen chloride H. Rose, G. E Brindley, C W. Yolney, 0 Schulz, 
and K Heumann seem to have made monohydrated tnsodium hydrodisulphate, 
Na3H(S04) 2 H 2 0, and although G. 0 Wittstem denied the existence of this salt 
J. C G de Mangnac (1857) obtained needle-like crystals of Na3H(S0 4 ) 2j and 
showed that they belong to the naonoolinio system with the axial ratios : a:b:c 
=1*7216 * 1 0 9485 ; j9=102° 16'. C W Volney also obtained these same 
crystals by heating a mixture of sodium nitrate and sulphuric acid to a temp 
not exceeding 100°, and allowing the oily liquid, decanted from the undecomposed 
nitrate, to crystallize J d’Ans obtamed the crystals by evaporating soln con- 
taining a mixture of equi-molecular proportions of sodium sulphate and sulphuric 
acid at about 100° until crystals began to appear Larger crystals of the desired 
salt are obtamed by slowly cooling the soln The crystals are first washed with a 
mixture of 50 c c. of water, 10 0 c of cone sulphuric acid, and 75 0 c of alcohol, 
and finally with alcohol alone, and then with ether, Crystals of the monohydrated 
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salt are difficult to obtain, J d’Ans obtained a crop by mixing tbe limiting soln , 
Na 2 S0 4 — Na 2 HS0 4 , Fig, 45, with glaubente, CaNa 2 (S0 4 )2, and keeping the mixture 
at 25° for about a week Further crops of the monohydrated salt were obtained 
by using these crystals for seeding the original soln According to H Lescceur, 
P Pascal and M Ero, the hydrated form is NaHS0 4 H 2 S0 4 1 JH s O H. Rose 6 
prepared the corresponding tripotassram bydro-disulphate, K 8 H(S0 4 ) 2 , or 
(KoS 0 4 ) 3 H 2 S0 4 , or K 2 S0 4 KHS0 4j as a product in the action of sulphuric acid on 
nitre. These crystals also appear in the first crop which separates during the 
evaporation of an aq soln of the hydrosulphate, KHSQ 4 . W Stortenbeker found 
them as the sohd phase when the liquid contained H 2 S0 4 K 2 S0 4 =1*15 to 1*80. 
A Scaochi stated the crystals belonged to the rhombic system, but JCG.de Mang- 
nac’s measurements of the angles, and G Wyiouboff’s determination of the optical 
properties of the crystals, showed that they belong to the monoclimc system with 
axial ratios a : b * c=l 769 : 1 * 2 628 ; £=102° 41" Their sp. gr is 2 599 

(B Gossner), or 2 587 (W. Stortenbeker) J Kendall and M L. Landon observed 
indications of this compound on the f p curve of binary mixtures of the salt and 
acid , its m p is 91 5° 



The salt pentapotasslum trlhydrotetiasulphate, K B H 3 (S0 4 ) 4 , that is, 5K a S0 4 3H a S0 4 , 
or KaSOa.SKHSO*, was reported by W Stortenbeker 6 to have a narrow range of stability 
on the equilibrium diagram at 18°, with soln of a mol of a neutral salt and 2 07 mole of 
sulphune acid The monoclimc crystals of the mono- 
hydrated salt, K 8 S0 4 3KHS0 4 H b O, have the axial ratios 
a 6 , c=l *708 1 2 748 * jS = 113° 59' J d’Ans could not 

find this salt at 25°, although he obtained evidence of its 
existence at 18°, and at 0° Its sp gr is given by 
W Stortenbeker 7 at 2 463 (18°) A salt, JEC 4 H a (S0 4 ) 8 , that 
is, 2K a S0 4 H 8 S0 4i or K B S0 4 2KHS0 4 , was reported by 
j R> Phillips, 8 m 1821, to separate m needle-hke crystals from 
Boln of the normal salt m dil sulphuric acid It has not 
been located on the equilibrium diagram, but W Storten- 
beker considers Phillips 5 salt to be octopotasslum hexahydro- 
heptasulphate, K fl BC e (S0 4 ) 7 , that is, 4K a S0 4 3H a S0 4 , or 
K 2 S0 4 6KHSO4 Crystals of this salt were recognized by 
A Scacchi * among certain volcanic products, ana this salt 
is one of the leading constituents of the min eral mieemte 
found m the Grotto del Solfo at Miseno (near Naples) 

According to W Stortenbeker, it is formed in soln with 
H B S0 4 • K a S0 4 =2 18 1 It has a very narrow range of 
stability, and J. d’Ans recognized it at 0° and 18°, but 
not at 2 6°. W Stortenbeker gives lbs sp gr as 2 327 (18°), A. Jacquelain, 2 277 
(18°), and G Wyrouboff, 2 245 The curve AB in the portion of the triangular diagram, 
Fig. 46, refers to the phase K a S0 4 ; BO, the phase K 8 H(S0 4 ) 3 , CD, the phase, 
K 2 S0 4 6H 8 S0 4 , and DM, to the phase KHS0 4 A minute portion at C, applied 
to the phase K a S0 4 3KHS0 4 C Schultz 10 obtained thin plates of dllithlum tetra- 
hydrotnsulphate , Li a H 4 (S0 4 )„, ie. 2LiHS0 4 HaSO*, or Li a S0 4 2H 2 S0 4 , melting at 110°, 
fiom a soln of lithium sulphate in not quite four parts of its weight of cone sulphune 
acid GCA van Dorp did not find this salt at 30° , but J* Kendall and M L. Landon, 
on the f p. curve, found evidence of it existing as unstable at the m p and passing 
mto LiHS0 4 at 60°, they also found disodium tet rahy dro tr isulp hate, Na*H 4 (S0 3 ) 3 , existing 
in two modifications both unstable at the mp., and passing mto NaHSO* at 96® 
and 100° 


Fig 40 — Portion of Equi- 
librium Curve for the 
Ternary System, K 0 SO 4 
-H a S0 4 -H 2 0 


A. Arfvedson 11 noticed, in 1818, that the sulphate prepared by the evaporation 
of a soln of lithium sulphate m sulphune acid melts more readily than the normal 
sulphate crystallized from neutral soln. , andC G Gmelin found that A Arfvedson 5 s 
salt contained a greater proportion of sulphune acid than the normal salt, for the 
latter was obtained by expelling water, sulphur dioxide, and oxygen from the 
former by calcination. In 1868, C Schultz prepared crystals of lithium hydro- 
sulphate, LiHS 0 4 , separated from a soln of the normal sulphate m sulphuric acid 
of sp. gr. 1 6 to 1*7 Very fine crystals of this salt can be obtained by recrystalliza- 
tion from its aq. soln According to H Lescceur, this compound is formed only 
when monohydrated sulphune acid is mixed with the normal sulphate. According 
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to J. Kendall and M. L Landon, it appears on the f.p. curve of the components, 
and it has an unstable m p. of 170*5°. 

The corresponding sodium hydrosulphate, NaHS0 4 , was obtained by 
J, J. Berzelius by heating to about 550°, a mixture of ten parts of sodium sulphate 
with seven of cone, sulphuric acid until all was m quiet fusion. If the temp is too 
high, sodium pyrosulphate, Na 2 S 2 07 , is formed Tnclmic four-sided prisms are 
obtained by recrystalHzation from hot water, and T. Thomson obtained the same 
salt by the evaporation of a soln of Glauber’s salt in dil sulphuric acid. According 
to J\ 0. G. de Marignac, if the temp, of crystallization is below 60°, crystals of a 
hydrated form of sodium hydrosulphate were once thought to be formed, hut 
T. Graham (1835) says that he never succeeded m finding any water of crystalliza- 
tion, and that the reports of its occasional presence are founded on dubious evidence, 
being possibly based on analyses of mixtures of the hydrosulphate with a little 
Glauber’s salt The reason why sodium potassium hydrosulphate should be 
crystallized from soln at a high temp., says T. Graham, is because the soln. at low 
temp, are apt to decompose into the normal sulphate and sulphuric acid. This 
decomposition may occur even when the soln. contains an excess of sulphuric acid, 
and this the more readily with sodium than with potassium hydrosulphate, and 
R„ Brandes and E. Eimhaher say that crystals of Glauber’s salt alone separate 
on cooling a hot soln. of one part of sodium hydrosulphate in four parts of water. 

If 20 grms. of sulphuric acid be diluted with 100 c c, of water, and the liquid divided 
into two equal parts, one part neutralized with a soln. of sodium hydroxide and then mixed 
with the other, crystals of sodium monohydrated sulphate will bo obtained if the filtered soln. 
be cono. by evaporation, and allowed to crystallize from a cold soln. in a desiccator. 

J. Kendall and M. L. Landon obtained evidence of sodium hydrosulphate on the 
f p. curve of the components, and gave the m.p. as 186°. J. 0. G de Marignao 
(1857), however, claimed to have obtained monocknic prisms of hydrated sodium 
hydrosulphate, NaHS0 4 H 2 0, with axial ratios : a : b : c=0‘9965 : 1 : 1*0480 ; 
J3=119° 35', by cooling a soln of sodium sulphate with hn excess of sulphuric 
acid, and he said that it is probably this salt which J. J. Berzelius and T. Thomson 
believed to contain three mols. of water of crystallization, and which R Brandes’ 
analyses represent as containing 22*3° per cent, of Na^O ; 57 24: per cent of S0 8 ; 
and 20*46 per cent, of H a O — i.e. NagSO^ H 2 S0 4 2H 2 0, or NaHS0 4 H 2 0 ; T. Graham’s 
analysis : Na z 0, 26 96 per cent., S0 8 , 66*55 ; and H 2 0, 7’49 per cent corresponds 
with NaHS0 4 . J. 0. G. de Marignac’s analysis agreed with that of R Brandes. 
H Rose also claims to have made the monohydrated salt by the action of a 
mixture of sodium chlonde with twice its weight of sulphuric acid mixed with 
one-tenth its weight of water ; and J d’Ans and P Pascal and M Ero have 
shown the limits of stability of the monohydrated salt in soln of dil sulphuric 
acid and sodium sulphate. 

J. d’Ans 12 has investigated the equilibrium conditions at 25°, of the ternary 
system : Na 2 0 — S0 8 — H 2 0. He recognizes the existence of 

Sodium hydrosulphate . NaHS0 4 

Hydrated sodium tnhydrodisulphate NaH s (S0 4 ) „ H a O 

Disodium sulphate hemienneasulphunc acid . . Na a S0 4 4 5H a S0 4 

Sodium hydro-pyrosulphate, or sodium hydrogen anhydro -sulphate . NaHS a 0 7 
Sodium pyrosulphate, or sodium anhydro-sulphate . . . Na a S a O ? 

The isothermal solubility curve of mixtures of sodium sulphate, Na 2 S0 4 , with soln. 
of sulphur trioxide in water, at 25°, is shown in Pig. 47. The numbers are expressed 
m mob of Na2S0 4 or S0 a in 1000 grms, of soln. The ternary system, Na 2 0 — S0 8 — 
H 2 0, diagrammed m Pig. 48, is extended towards the S0 8 apex as far as the forma- 
tion of NaHS 2 0 7 , but not so far as the well-known sodium pyrosulphate, Na 2 S 2 07 . 
The composition of the solid phases corresponds with the existence of sodium 
hydrosulphate, NaHS0 4 ; and monohydrated eodrtun tnhydro-disulphate, 
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NaH 3 .(S0 4 ) 2 H 2 0 ; and sodium dihydrogen anhydro-Bulphate, NaH8 2 07, that 
is, NaHS0 4 S0 8 There is also Na 2 S0 4 4‘5H 2 S0 4 , or 2Na 2 S0 4 9H 2 S0 4 In Fig. 48, 
the triangle is cut into two portions by the heavier line — the smaller portion repre- 
sents a complex of the three components which forms an unsatuxated soln. ; and 
the larger portion, a complex which splits into a soln. and one or two solid phases. 
The light hnes have been drawn to show how the separation occurs. As explained 
in connection with the triangular diagrams for sodium and potassium iodates : 
any point in the sectors represents a soln which splits into a soln. whose composition 
is represented by a point on the heavier curve bounding the sector, and into the 
solid phase named in connection with that sector , points outside these sectors 
represent soln which separate into soln and two solid phases The heavier curves 
in Figs. 47 and 48 represent the composition of a soln. which remains constant 
while the composition of the solid phase (or phases) changes 

The composition of the soln in equilibrium, with one or two solid phases, is represented 
by the heavier curves in the diagram , starting from hydrated sodium hydroxide, 
NaOH H 2 0, and representing the percentage proportions of the three components m the 
order Na a O S0 3 H s O, the soln contains 16 84 . 0 83 16 » the curve leading from this point 
represents a soln m equilibrium with the solid phases NaOH Na a O and Na a S0 4 10H a O 
at the first maximum (3*31 . 3 31 : 93 38) the solid phase is decahydrated sodi um sulphate. 



Fig 47. — Solubility Curve of Sodium 
Sulphate, Na a S0 4 , m Mixtures of 
S0 3 — H a O, at 25°. 


hd.# 



Na a SO 4 .10H a O ; then follow two solid phases Na a S0 4 10H a O and Na a SO ; then the 
second maximum with the solid phase Na a S0 4 ; then the two solid phases Na a S0 4 and 
Na 3 H(S0 4 ) a H a O ; and the third maximum with Na,H(S0 4 ) a H a 0 as the solid phase , then 
the region with, the two solid phasesNaaH(S 0 4 ) 2 H a OandNa 3 H(S 0 4 ) a ; the fourth maximum 
with the solid phase Na B H(S0 4 ) s ; then follow the two solid phases Na.}H(S0 4 ) a and 
NaHS0 4 H a O ; the fifth maximum with the solid phase NaHS0 4 H t 0 $ the curve with two 
solid phases NaHSO t .H a O and NaHSO*; the sixth maximum with the one solid phase 
NaHS0 4 ; the curve with two solid phases NaHSO* and NaHgfSOJ^^ ; the seventh 
maximum (0 13 : 29 86 70 02) with the solid phase NaH 8 (S0 4t ) a H l 0 ; the curve with two 
solid phases NaH a (S0 4 )2H a O and Na a S0 4 4 5H 2 S0 4 or the metastable NaHgtSOJjHgO ; 
the eighth maximum (1*80 43 20 : 66 00) with the solid phase Na a S0 4 .4 5H a S0 4 ; the curve 
with the two solid phases Na a S0 4 4*6H a S0 4 5 the curve with Idle two solid phases 
Na a S0 4 4 6H a S0 4 and NaHS 2 0 7 ; the ninth maximum (6 68 : 60 44 : 34*03) with the solid 
phase NaHS a O ? ; and so on into the region still unexplored. 

According to J. d'Ans, the range of stability of monohydrated sodium hydro- 
sulphate, NaHS0 4 H 2 0, at 25°, is approximately with soln. containing from 1 95 mols. 
of Na 2 S0 4 , 3 12 mols. of H 2 S0 4 per 1000 grms of soln., to 0‘47Na 2 S0 4 +4*96H 2 S0 4 
per 1000 gTms. ; and of the anhydrous salt, NaHS0 4 , with from the latter cone, 
up to 0 305 mol, of Na 2 S0 4 and 6 87 mols. of sulphuric acid per 1000 grmfl. of soln. 
With rather higher cono. of sulphuric acid, the trihydrodisulphate, NaH 8 (S0 4 ) 2 , 
appears. These ranges of cone give the tujnmg-pomts curve, Fig. 47, earned 
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towards the left. The hydrated salt, NaHS0 4 H 2 0, melts at 58 54° ±0 05°, and 
J. d’Ans suggests its use as a fixed point for thermometry. The monohydrated 
salt does not appear in the isothermal curve above the transition temp. 58 54° 

The corresponding potassium hydrosulphate, KHSO4 , is obtained by melting 
together equi-moleculai parts ot potassium sulphate and sulphuric acid Accor ding 
to V A Jacquelam, 13 a hot soln of a mol of potassium sulphate with a mixture of 
0*5 to 1 0 mol. of sulphuric acid and water yields crystals of the normal salt on 
cooling, and the mother liquid when evaporated furnishes needle-like crystals of 
potassium pyrosulphate , the last-named salt is also obtained as a crystalline mass 
by concentrating a soln of a mol of the normal sulphate in 1 5 to 2 0 mols of 
sulphuric acid, but after the crystalline mass has been exposed five days, it yields 
rhombohedral crystals of potassium hydrosulphate ; the change occurs more 
quickly if three mols are used ; and in an hour, if five mols. of acid are used per 
mol. of potassium sulphate. The hydrosulphate, KHS0 4 , and the pyrosulphate, 
K2S2O7, can be formed as readily at ordinary temp as at 40°, the latter is the more 
readily produced when the sulphuric acid is m excess, the former when only a small 
quantity of the acid is present *V. A. Jacquelam further showed that the rhombo- 
hedral crystals of the hydrosulphate are readily produced from a soln of equi- 
molecular parts of potassium sulphate and sulphuric acid in a hot dll soln of 
hydrochloric, nitric, tartaric, or acetic acid — hence, these acids act in the same 
manner as an excess of sulphuric acid. 

When the residue left after the distillation of rntno acid from a mixture of a mol of 
potassium nitrate with two mols of sulphuric acid is dissolved in hot water, the first crop 
of crystals, says P Geiger, is potassium sulphate, and the mother liquid on standing m 
a cool place first deposits needle-like crystals of the anhydro-sulphate, and then thick 
prismatic crystals of the hydrosulphate According to C W. Volney, if the temp in the 
retort has not exceeded 100°, and sodium nitrate is used, the oily mass decanted from the 
undecomposed nitrate, deposits crystals of NaH 3 (S0 4 ) 2 ; if the temp, has not exceeded 
121°, the crystals ore sod ium hydrosulphate, NaHSO* H Rose claims to have made 
the monohydrated salt, KHSO i .H l O, and ,T B Senderens the 5 ^--hydrated salt, 
KHSO^ejHjO, but m neither case is there any satisfactory evidence of the chemical 
individuality of the alleged hydrates. 

G. Tschermak also obtained crystals of potassium hydrosulphate, KH SO4, by the 
slow decomposition of potassium ethyl sulphate, or by treating alcoholic potash 
with sulphuric acid J. Kendall and M. L Landon obtained evidence of the hydro- 
sulphate from the f.p curve of the components ; its m p. is given as 218 6°, and 
there are three modifications with transition points at 182° and 202° 

It is therefore evident that the composition of the salt deposited by a soln. 
of potassium sulphate m sulphuric acid is deter min ed (1) by the ratio of free acid 
to salt, (n) by the cone of the soln., and (m) on the temp. Accordmg to W. Storten- 
beker, 14 the hydrosulphate, KHSO4, crystallizes from soln of potassium sulphate 
and sulphuric acid in which the ratio H 2 S0 4 . K2SO4 is greater than 4 5 ; and he 
has studied the ranges of stability of the different compounds of potassium sulphate, 
sulphuric acid, and water. J d’Ans recognizes the existence of the compounds : 

Potassium hydrosulphate KHS0 4 

Hydrated potassium tnhydrodisulphate KH 3 (S0 4 ) * H a O 

Potassium tnhydrodisulphate . KH 3 (S0 4 )* 

Potassium hydro-pyrosulphate * KHS,0, 

Potassium pyrosufp'hate * K,S t 5 7 

The isothermal solubility curve of mix tures of potassi um sulphate and sulphuric 
acid expresses the composition of the soln at 25° in equilibrium with the solid 
phase ot phases, when the mol ratio of K2SO4 and SO a per 1000 gratis, of soln 
are plotted as co-ordinates. The ranges of stability m the ternary system ’ 
k 2 o-so 8 --W), are diagrammed in Fig 51, where the conditions have been 
studied in the vicinity of the SO a -apex, as far as the formation of KHS 2 0 7 , but 
not as far as the well-known potassium pyrosulphate. The meaning of the diagram 
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will be evident after the description of the corresponding diagram for the ternary 
system : Na 2 0 — S0 3 — H 2 0, Fig. 48 The maximal points represent the composi- 
tion of the soln m eqinkbrium with solid phases* (1) K 2 S0 4 ; (2) K s H(S0 4 ) 2 ; 
(3) K 2 S0 4 6KHS0 4 H 2 0, (4)KHS0 4 ; (5) KH 3 (S0 4 ) 2 H 2 0 , (6) KHS 2 0 7 . 

R Bunsen, H Erdmann, and others 16 have made rubidium hydrosulphate, 
BbHS0 4 It is obtamed by heating the rubidium salt of a volatile acid with 
sulphuric acid to about 250°-257° , the oily liquid, on cooling, forms a crystalline 
mass of this salt R Bunsen made csssium hydrosulphate, CsHS0 4 , by treating 
caesium carbonate with sulphuric acid under 
similar conditions Both salts crystallize 
from water in rhombic crystals 

The crystals of sodium hydrosulphate, 

NaHS0 4 , form triclimc crystals which, 
according to J. C G de Mangnac, have 
the axial ratios * a. b . c= 0 7740 1 - 1 1981 ; 
a=94° 54' ; jS=93° 13' , A=88 J 57' The 
crystals of potassium hydrosulphate are 
rhombic bipyxamids with axial ratios : 
a b . c=0 8609 * 1 1*9344, and with a 
positive double refraction P W. Bridg- 
man 16 found that there axe four modifica- 
tions of potassium hydrosulphate P Groth 
has pointed out that potassium hydrosulphate forms three series of mixed crystals 
with ammonium hydrosulphate, and therefore inferred that the salt might prove to 
be trimorphic. It has not yet been shown if any of the forms stable at high temp 
and atm. press belong to the crystal systems corresponding with the mixed crystals 
under consideration, although P W Bridgman says that the dissimilarity m the 
phase diagrams of the two salts, shows that the lsopolymorphism is more complex 
than is indicated by the mixed crystal systems at atm. temp The equilibrium 
diagram is shown in Fig 49 A few selected measurements are indicated in 
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Fig. 49 — Pressure- Temperature Equi- 
librium Diagram of Potassium 
Hydrosulphate 



SOj per /poo grins of solution 

Fig 50 — Solubility Curve of 
Potassium Sulphate, K a S0 4 , in 
Mixtures of S0 3 +H 4 0, at 25°. 





Table XXXIX At the triple points I-II-IV, 1830 kgrms. per sq cm. press , and 
198 6°, the changes of vol. for I-II, II-IV, and I-IV are respectively 0 00197, 
0 00113, and 0 00310 c c per gnn , and the latent heats respectively 0 939, 0 711, 
and 0 865 kgrm m, per grm. At the triple point II-HI-IV, 2900 kgrms per sq, 
cm and 118 2°, the changes m vol for the transitions II-III, II-TV, and III-IY, 
are respectively 0 00570, 0 00110, and 0 00680 c c per grm., and the latent heats 
respectively 1 41, 0*057, and 1*47 kgrm m per grm 

W* Spring 17 gives the specific gravity of lithium hydrosulphate as 2*123 (13°)-; 
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of the sodium salt, 2 435 (13°) ; and of the potassium salt, 2 302 (13°) ; A. Jacquelain 
also gives 2 163 for the potassium salt, L Playfair and J. P. Joule, 2 478; 


Tabus XXXIX — Eitect op Pressure on the Transition Temperature op 
Potassium Hydrosuuphate 


Press 

Transition temp. 

Change of vol. 0 c 
per grin. 

Latent heat kgnn -m. 
per gnu 

I-rr {2000 

180 6° 

0 00066 

0 302 


0 00209 

1 000 

r TV / 2000 

X LY 13000 

201 6° 

0 00307 

0 801 

218 4° 

0 00290 

0 766 

H_iy 

±y 12876 


0 00113 

0 071 


0 00110 

0 069 

11-111 {3000 

164 2° 

0 00566 

1 64 

116 6° 

0 00671 

141 

-prT-Tv/ 3000 

±V \6000 

116 4° 

0 0068 

1 46 

61 -4° 

0 0068 

0 70 


B. Gossner, 2*322 ; G Wyrouboff, 2*273 , H. G. E. Schroder, 2 306 , and W Storten- 
beker, 2*314 According to W. Spring, the sp gr. of rubidium hydrosulphate is 
2 892 (16°), and of the caesium salt, 3 352 (16°). The mol vol are : 

2L1HSO4 2NaHS0 4 2KHSO4 2B,bHS0 4 2CsHB0 4 
Sp gr • . 2 123 2*435 2 302 2 892 3 352 

MoLvoL . . 98-1 98*6 118*0 126 8 136 6 

These numbers are less than the joint mol. vol of the components — neutral sulphate 
and sulphuric acid, eg for sulphuric acid, H 2 S0 4 , the mol vol is 63*2, and for 
Bodium sulphate 63 2, and hence for 2NaHS0 4 , the' calculated mol vol. is 
63 2+63 2=106*4, the observed value is 98*6. The decomposition of the hydro- 
sulphate into these two components must therefore occur with an increase in volume. 
Similar remarks apply to lithium hydrosulphate. W. Spring was hence led to 
try the effect of a very high press, at a low temp. — under 30°. He found, in accord 
with H. le Ghatelier’s principle, that the raising of the press favoured the reaction 
which formed the products with the smaller volume. With acid sulphates conta ining 
a high content of water, W. Spring found a separation into an acid liquid, and a 
less acid solid. 

T. Thomson 18 observed no loss m weight when sodium hydrosulphate is heated 
to 149°. According to T, Graham, this salt does not lose its transparency at this 
temp , its melting point is over 316°, and, when heated to a still higher temp., 
it loses sulphuric acid — according to K. Kraut, a part decomposes into sulphuric 
acid and normal sulphate, and a part into water and pyrosulphate, Na^IV 
T. Graham also found potassium hydrosulphate to retain its transparency at 149°, 
and to melt at 316 6° to a clear oily liquid without appreciable decomposition. 
J. L Gay Lussao observed no decomposition of this salt below a red heat, but at 
a red heat, it decomposes into sulphuric acid, sulphur dioxide, and oxygen as in 
the case of the sodium salt. A. Jacquelain gives 190° as the m.p. of the potassium 
salt ; E Mitsoherhoh, 200° ; C. Schultz, 210°. R Bunsen says that rubidium 
hydrosulphate melts below a red heat, and as a red heat is approached it begins 
to foam, loses sulphuric acid, and finally forms the normal sulphate ; but, says 
P. E, Browning, the pyrosulphate, Rb 2 S 2 0 7 , is first formed, and this decomposes 
into the normal salt with great difficulty. R. Bunsen applied similar remarks tc 
csesium hydrosulphate. 

Solid potassium hydrosulphate, says H. Kopp, 1 ® has a sp. ht 0*244 between 
19° and 61°. According to M. Berthelot, the heat of neutralization, Na0H+H 2 S0 4 
s =“" 14*7 Cals when all is in soln., if solid, 16*00 Cals , and therefore the heat of 
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solution is 1‘87 Cals J. Thomsen gives +1 19 Cal The heat of neutralization, 
K0H+H 2 S0 4 =14 6 Cals, when all is in soln , and 48 ' 2 Cals, when all is solid. 
For 2K0H+H 2 S0 4 , all in soln, 31*7 Cals, i.e 2x15*85 Cals., consequently, 
KHS0 4 +K0H, all in soln , 17 1 Cals , and K 2 S0 4 +H2S0 4 , all m soln., —2 5 Cals , 
so that the formation of normal potassium sulphate from the bisulphate and 
potassium hydroxide evolves 17 1 Cals , while the neutralization of JH 2 S0 4 by 
KOH evolves 15*85 Cals A. Colson 20 explains the variation m the negative heat 
of soln of potassium hydrosulphate which becomes less as the dilution increases 
by the more and more complete dissociation of the acid salt, and the formation of 
the normal salt The normal salt oan exist m presence of the free acid ; and the 
dissociation of the hydrosulphate is decreased by increasing the cone of the acid, or 
bv increasing the cone of the normal sulphate ; and it is increased by increasing 
dilution The reaotion, H 2 S0 4 +K, all solid, evolves 79 2 Cals., and H 2 S0 4 +2K, 
all solid, 144*80 Cals Hence, the displacement of one hydrogen atom from sulphuric 
acid by potassium disengages 79 2 Cals., and the second hydrogen atom, 65 6 Cals. 
The heat 0 1 formation of sodium hydrosulphate : Na+H+Og+SOo is 196 31 Cals. 
(M Berthelot), and of potassium hydrosulphate, 206*02 Cals Kg oln -j-H gaa +2^^ 
-f-40 g aa=273 , 24 Cals According to It. de Forcrand, the heat of formation of 
rubidium hydrosulphate from its elements is 277 34 Cals., and of csesium hydro- 
sulphate, 282 9 Cals According to J. Thomsen, the heat of dilution, (NaHS0 4 
+10H 2 0)+800H 2 0, is 1*0 Cal ; Na 2 S0 4 +2H 2 S0 4 =2'35 Cals ; and No2S0 4 
+4H 2 S0 4 =2 68 Cals. For KHS0 4 +330H 2 0, at 15°, M. Berthelot gives —3*23 Cals., 
but the value of the constant vanes with the proportion of water ; thus, for 20H 2 O, 
—3*91 Cals. ; 5H 2 0, —3 97 Cals ; 100H 2 O, -3*94 ; for 200H 2 0, —3 80 Cals. ; 
for 400H 2 O, —3*53 Cals. ; and for 800H 2 O, —3*14 Cals. For the heat of admixture, 
K 2 804+H 2 S0 4 , J. Thomsen gives 16 64 Cals., and M Berthelot 15 2 Cals. 
P. Chroustschoff found that the heat of reaction for mixtures of potassium sulphate 
and sulphuric acid attains a maximum when these two compounds axe m the pro- 
portion 10K 2 S0 4 : H 2 S0 4 . R. de Forcrand found the heat of soln. of rubidium 
hydrosulphate, RbHS0 4 , to be —3*73 Cals., and of csesium hydrosulphate, 
— 3 73 Cals. 

The solubility of sodium hydrosulphate in water is represented by 28*6 grins, 
at 25° and 50 grins, at 100°, per 100 grms. of water ; and P. Kremers 21 gave the 
solubility of potassium hydrosulphate m 100 grms. of water at 0°, as 36*3 grms. ; 
at 20°, 51*4 grms. ; at 40°, 67 3 grms ; and at 100°, 121*6 grms. 100 grms. of 
alcohol at 25° dissolve 1*4 grms. of sodium hydrosulphate, A soln of potassium 
hydrosulphate in about half its weight of boiling water deposits needle-like crystals 
on cooling ; according to P. L. Geiger, 22 a large proportion of the crystals consist 
of the normal salt, and some sulphuric acid remains in soln , and this the more, 
the larger the proportion of water to salt. If the proportion of water is great, 
the addition of a large amount of sulphuric acid to the water will not prevent the 
separation of normal sulphate. According to T. Graham, the affinity of the water 
for sulphuric acid overcomes that of the salt fox the same acid ; and H. Rose, 
after noting the transformation of the hydrosulphate by repeated crystallization 
into intermediate sulphates, and finally into normal sulphate, attributed the 
transformation to the action of water which, in virtue of its preponderating 
mass, united with the sulphuric acid associated with the normal sulphate in the 
hydrosulphate. Cold water extracts far more sulphuric acid from the solid salt, 
leaving much normal sulphate behind , the transparent crystals become translucent 
under these conditions. The decomposition of sodium hydrosulphate by water is 
greater than with the potassium salt. Boiling alcohol removes almost nothing but 
sulphuric acid from powdered potassium or sodium hydrosulphates. The conditions 
of equihbnum for the alkali sulphates in the presence of different proportions of 
acid have been partially elucidated by J. d’Ans 23 m his work : Zur Eenntms 
der semen Sulfate; and by W. Stortenbeker in his work: Sur les sulfates de 
potassium. 
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J C G de Marignac’s values for the specific gravities of sola of sodium hydio- 
tulphate, 24 at 20°, are . 

Percent NaHSO. . . 3 23 6 26 11-60 21 06 

Sp gr . . . 1 0230 1 0472 1 0917 1 1708 

and for sola, of potassium hydrosulphate, at 18°, E Kohlrausoh found: 

Per cent -KJELSO* *5 10 15 20 25 27 

Sp gr . 1 0364 1 0726 1 1116 1 1616 1 1920 1 2110 

The viscosities of soln of sodium hydrosulphate determined by E B Moore, 26 
at 18°, are 1 059 (water unity) for 0 25 mol per litre, 1 100, 1 260, 1 622, and 1 874, 
for 0*5, 1, 2, and 4 mols per litre respectively 

The coefficients o! cubical expansion of soln of potassium hydrosulphate, 
determined by C. Porch, 26 are for soln with 34 grins of KHSQ 4 per litre, 0 000086 
(0°-5°) , 0 000149 (5°-10°) , 0 000411 (34°-40°) , for soln. with 68 grins, of KHSO* 
per litre, 0 000173 (0°-5°) , 0 000222 (5°-10°) ; and 0*000441 (35*-40°) , and for 
soln. with 136 grme of KHS0 4 per litre, 0*000305 (0°-5°) ; 0 000335 (5°-10°) ; 
and 0 000492 (35°-40°). 

P Kremers 27 places the boiling point of a sat aq. soln of potassium hydro- 
sulphate at 103° , and P M Raoult found that a gram of the salt in 100 grms, 
of water lowers the f p 0 384°, or 34*8°, per mol G Tammann measured the 
lowering of the vapour pressure of water at 100 q for soln of potassium hydro- 
sulphate containing from 11 16 to 115 66 grms per 100 grins of water, and for the 

terminal soln. of the senes found a lowering of 18 mm and 179 6 mm. of mercury 

respectively. 

K Earth’s 28 values for the electrical conductivity A of soln. of sodium and 
potassium hydrosulphates at 25° and containing a mol. of salt m v litres of water * 


V 



• 32 

64 

128 

266 

612 

1024 

A, NaHSO, 

• 

* 

. 311 9 

366 2 

408 3 

449 9 

488 0 

613 0 

a,khso 4 

m 

• 

* 339 6 

384 6 

428 3 

469 9 

607 4 

630'8 


The relatively large values of the conductivities, and the relatively fast increase 
with dilution is taken to indicate that the soln contains not only Na*- and HS0 4 '- 
ions, but there is also an increasing proportion of H‘- and S0 4 // -ions owing to the 
further ionization of HS0 4 ^H +S0 4 ". 

The hydrosulphates taste like acids, and redden litmus There is probably a 
partial transformation of the hydrosulphates into the normal sulphates and free 
acid in aq. soln, eg 2NaHS0 4 =H 2 S0 4 +Na 2 S0 4 , and by dialysis, T. Saba- 
litschka 29 showed that about 43 per cent of sodium hydrosulphate and 28 3 per cent 
of the potassium salt is transformed in this way. Dil soln of potassium hydro- 
sulphate furnish crystals of the normal salt, and four precipitations with alcohol 
give pure potassium sulphate So also can normal sodium sulphate be precipitated 
by alcohol from aq. soln. of the hydrosulphate Moderately oono. soln of sodium 
hydrosulphate deposit crystals which are mainly the normal salt ; and hot cone, 
soln on cooling give approximately equal parte of the normal and hydrosulphate. 
E Mitscherbch showed that above the fusion temp , potassium hydrosulphate 
behaves in many respects like free sulphuric aoid, above its own b.p. it displaces 
hydrogen chloride from sodium chloride, and attacks many m moral silicates and 
oalomed oxides which are dissolved very slowly at the bp of the acid — e g iron 
and aluminium oxides, etc. It also forms double sulphates with magnesium, zinc, 
etc. K. Stammer found the hydrosulphates are reduced to the sulphides when 
heated to redness in a stream of carbon monoxide, forming carbon and sulphur 
dioxide, but no sulphur trioxide * 

By heating sulphuric acid with sodium hydrosulphate between 200° and 300°, 
G. E. Brindley 20 obtained crystals of sodium trihydro-disulphate, ; 

and C. Schultz, by oooling a soln. of normal sodium sulphate in nearly seven times 
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its weight of Bulphurio acid H Lescoenr obtained a hydrated salt from a hot 
soln. of sodium sulphate m three parts of cone sulphuric acid C Schultz’s salt 
melted at 100°, H Lesoceur’s at 90°. The latter lost its water at 220°, and this 
with greater difficulty than the corresponding potassium salt. G. F Brindley 
proposed to use this salt as a means of transporting sulphuric acid The range of 
stability of NaH3(S0 4 ) 2 H 2 0 is indicated in Figs 47 and 48. J. d’Ans also obtamed 
the complex Ha 2 S0 4 4^H 2 S0 4 , whose range of stability at 25° is indicated in 
Bigs 47 and 48 

C Schultz-Sellack, 31 in 1868, found that a salt of the composition KH 3 (S0 4 ) 2 , 
that is, K 2 S0 4 3H 2 S0 4 , or KHS0 4 H 2 S0 4 — potassium tnhydro-disulphate — 
separated from a soln of normal potassium sulphate in 2 or 3 parts of cone sulphuric 
acid , if five parts of acid are used, the soln requires seeding before the crystals 
appear H. Lescceur also, in 1874, obtamed a hydrated form C Schultz- 
Sellaok’s salt, K 2 S0 4 3H 2 S0 4 3H 2 0, or KH a (S0 4 ) 2 l|H 2 0, forms a cold soln. of 
potassium sulphate m cone sulphuric aoid. W Stortenbeker prepared a salt of 
this same composition by following C Schultz-Sellack ’ b directions It was difficult 
to be quite sure the crystals were free from mother liquor W. Spring also reported 
a compound of the same composition, but the water of hydration was a little doubtful. 
L Arzalier obtained both KH 8 (S0 4 ) 2 £H 2 0 and KH 3 (S0 4 ) 2 1£H 2 0, and when 
dried m an inert gas at 150°, both furnished the anhydrous salt, KHafSO^ The 
variability of the water m the reported analyses of this salt also explains the differ- 
ences m the m p — C Schultz, 95° ; H Lescoeur, 61°. The range of stability of 
NaH 3 (S0 4 ) 2 is indicated m tbe diagrams, Eigs 47 and 48. 

W. Spring 88 has also reported some complexes — 6NaHS0 4 H s S0 4 I6H t O, and 
6NaHS0 4 H 2 S0 4 7H a O, which m vacuo dried to 5NaHS0 4 H a S0 4 . F Bergius also obtained 
solids corresponding with Li 2 S0 4 7H a S0 4 , melting about 12°; Na 2 S0 4 8H t S0 4> melting- 
about 40 o ; and K 2 S0 4 6H 2 S0 4f melting about 55° J. Kendall and M L Landon found 
evidence of Li 2 S0 4 7H 2 S0 4f melting at 13 6°, on the fp. curve of the two constituents, 
and likewise also of 2ISra 2 SO i 9H 2 S0 4 , which is unstable at the m p , 40°, and transition 
points to the two modifications of Na 2 SO 4 .2H a S0 4 at 67° and 58°. J. d’Ans vtde supru, 
also found evidence of 2Na 2 S0 4 9 HjS 0 4 W Spring further reported crystals of a complex 
2KHS0 4 3H a S0 4 3 6H a O, or K a S0 4 4H a S0 4 3 5H 8 0, or K a H b (S0 4 ) B 3 5H a O f which may 
or may not be a mixture 

E. Mitscherlich 33 and 0. F Kamnelsberg prepared a series of double salts of 
lithium and sodium sulphates from a soln. containing equal mols of the simple 
salts Such a mixture first furnishes large rhombohedral crystals with the com- 
position of hexahydrated trisodium lithium disulphate, Na 3 Li(S0 4 ) 2 6H 2 0, and 
also of Na 4 Li 2 (S0 4 ) 3 9H 2 0, followed by Bmall crystals of disoditun octolithium 
sulphate, Na 2 Li 8 (S0 4 ) 6 2H 2 0 0. F. Rammelaberg prepared small monoclimo 

crystals of dipotassium octolithium sulphate, KaLi^SO^s 5H 2 0. J. Trauhe also 
obtamed ditrigonal pyramidal crystals of hydrated trisodium lithium disulphate 
with axial ratios a : c=l : 0*9061 , and, according to A Johnson, of sp. gr. 2 009, 
and negative double refraction J. Traube and A Scacchi obtamed trigonal 
crystals of sodium lithium sulphate, NaLiS0 4 , with axial ratios a : o— 1 . 0*6624, 
and a=110° 54'. The crystals exhibited pyroelectncal phenomena , and a positive 
double refraction, J. Trauhe also prepared hexagonal prisms or pyramids of 
potassium lithium sulphate, KLiS0 4 , with axial ratio a : e=l . 1*6755 The salt 
was investigated by G WyroubofF, G Wulff, J. Traube, and J Schabus. The 
crystals have a sp. gr 2 393 ; they have a feeble negative double refraction , and 
the mdices of refraction, according to G WuLff, are for the ordinary and extra- 
ordinary rays respectively 1*4697 and 1 4703 with the O-line ; 1 4715 and 1 4721 
with the JD-hne ; and 1 4759 and 1 4762 with the F-lina The crystals are optically 
active and exhibit right- and left-handed symmetry. G. Wulff and J Traube 
respectively fouffd for plates 1 mm thick and sodium light, the rotation of the 
plane of polarization 2 8°-3‘0°, and 3 3°-3 8°. E Doumer found the optical 
refraction of the soln to be /£= 0 275, and the mol. refraction 126*3. C. Spielrem 
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studied the conditions of equilibrium of mixed soln oi the component salts. 
Gr Wyrouboff prepared hexagonal pyramids of rubidium lithium sulphate, RbLiSO^, 
with axial ratio a : c=l : 1 6472 , they have similar properties to the potassium salt 
H. Eose 34 prepared crystals of tnpotassiuin sodium sulphate, 3K 2 SO 4 .Na 2 S0 4} 
by melting together equal mols of the two salts , ^ digesting the cold mass with 
hot water , and cooling the liquid Crystallization is attended by crystallo- 
luminescence. A similar result was obtained by melting together potassium 
sulphate and sodium chloride. J H Gladstone, E. BandrowBky, A Scacchi, 
0. F. Rammelsberg, K. von Hauer, J, Mahony, C. J B. Karsten, and others have 

also worked on the formation of this 
salt F W Dupre prepared it by 
precipitating the magnesia from soln, of 
kaimte, sylvimte, etc , and mixing the 
clear liquid with sodium chloride On 
evaporation, crystals of the double sul- 
phate separate According to F. Penny, 
the so-called plate sulphate , formerly 
obtained from kelp, is this double salt. 
The term glaserite — after the alchemist 
C. GlaseT (1664) — was applied by F. L, 
Hausmann (1847) to native potassium 
sulphate, found on the lava at Vesuvius, 
which J Smithson’s analysis (1813) gave 
Fig 62 — Equilibrium Conditions of Ternary as conta ining 71 4 per cent, of potassium 
System, K a S0 4 — Na 2 S0 4 — H a O, at 34°. Bulphate , 18*6 per cent of sodium 

sulphate; 4‘6 per cent of sodium 
chloride, along with ammonium, copper, and iron chlorides The term glaserite 
is now applied to the double salt K 3 Na(S0 4 ) 2 , whose individuality was established 
by J. H. van’t Hoff Double sulphates containing other proportions of the con- 
stituent salts have been reported, but J H van’t Hoff showed that it is possible 
to prepare a whole senes of solid soln in which the percentage amount of the con- 
tamed potassium sulphate varies between 78 6 and 61*8, and such salts are hence 
to he regarded as representing one solid phase. According to B Gossner, the 
double salt crystallizes from soln. of the component sulphates containing 
Na 2 S0 4 : K 2 S0 4 in a ratio up to 1:2. The conditions have been worked out by 

J. H van’t Hoff and co-workers E. Naoken’s 
^ equilibrium diagram of the ternary system 
| \ K 2 S0 4 — H 2 0, at 34°, is indicated 

kA in Fig. 52, D represents a soln. sat with 
1^4 sodium sulphate , potassium sulphate ; 

F, mixed crystals and sodium sulphate , 
Sgm and Q, potassium sulphate and glaserite , 
WjJ between HFGI is the region of mixed crys- 
r y tals ; between IGB, glaserite. E Janecke 
Fia. 63. — Crystals of GQasente, ooul<1 n °t confirm R, Nacken’s assumption 
K^sra(S0 4 ) v ’ that a compound of sodium and potassium 

# sulphates is formed m the solid state. 

The crystals of glaserite are trigonal or pseudo-trigonal (monoclimo) with 
axial ratio, according to B Gossner, a : c=l : T2904, and a=87° 58' The typical 
habit of the crystals with hexagonal symmetry is illustrated by Fig, 53 ; the first 
was prepared by W. 0 Blasdale at 100°, the" second at 50°. This makes it easy to 
distinguish the crystals of the double salt from those of its components B. Gossner 
gives for the sp. gr. 2*697 (15°) ; J. W. Retgers, 2*695. According to F Penny, 
100 parts of water at 103*5° dissolve 40 8 parts of the salt, which melts at a lower 
temp .than potassium sulphate. L. Dubnsay studied the temp, of complete 
miscibility of cone. soln. of potassium and sodium sulphates. C Spielrein 
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studied the conditions of equilibrium of mixed soln of sodium and potassium 
sulphates 

The ternary system LiCl— Li 2 S0 4 — H 2 0 has been studied by F. A H. Schreine- 
makers and G M A Kayser 85 Mixed soln. of sodium sulphate and potassium 
chloride, and of potassium sulphate and sodium chloride, have been studied quali- 
tatively by F. Rudorff, C J. B Karsten, 

A Levol, D Page, and A D. Keightley, 
and G. J. Mulder. The systems were studied 
by J H van’t Hoff and L T Reieher, who 
found that the component salts react, 
forming glaserite, so that 3KC1 
+ 2(Na2S0 4 10H 2 0) ^ K s Na(S0 4 ) 2 + 3NaCl 
-j-20H 2 0. A soln. can be prepared sat, 
with respect to the four solid phases, 
glaserite, Glauber’s salt, potassium chloride, 
and sodium ohloride, at the transition point 
3 7°. All the salts indicated in the equa- 
tion, other than water, represent solid phases. 

As a result, one pair of the salts — potassium 
chloride and Glauber’s salt — can exist as 
solid phases m presence of the sat. soln. 
only below 3 7°, while above that temp., the 
other pair of salts — glaserite and sodium 
chloride — can alone exist as solid phases. 

If the temp, is above the fp., and ice is 
accordingly excluded, nine univariant sys- 
tems, with three solid phases, are theoretically 
possible W. Meyeihoffer and A. P. Saunders 
have studied this system in more detail, and 
the transition temp, was found to be 4 4°, 
not 3 7° ; they worked at 0°, 4 4°, 16°, and 
25°; W. C. Blaedale followed up the work 
at 60°, 76°, and 100°. W G Blasdale’s 
experimental data for 0°, 25°, and 50° 
expressed in eq mols. of the various salts 
per 1000 mols of water, are plotted m 
Pigs 54 to 56, with respect to four axes 
representing the four component salts — 

K 2 C1 2 , Na 2 01 2 , Na 2 S0 4 , and K 2 S0 4 — and the 
various points are connected by straight 
hues, although these lines should probably be 
curved. 

The diagram actually represents the 
horizontal projection of a solid figure. Any 
point on it may represent a number of soln. 
of different composition, but if perpendiculars 
are erected at the limiting points and given 
lengths proportional to the total number of 
mols present m the sat soln. to which these 
points correspond, and if the ends of these 
perpendiculars are properly connected, any 
point which appears on the planes which limit the resulting solid figure can have a 
single definite value only. 

The diagram indicates the composition of all possible soln which can be in 
equilibrium with the six different sohd phases : viz glaserite, Glauber’s salt, sodium 
chloride, sodium sulphate, potassium chloride, and potassium sulphate. 

vol. n. 2 v 
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W C Blasdale has applied these results to show what takes place during the 
fractional crystallization by the evaporation o£ soln. containing different pro- 
portions of the component salts — the separation of ( 1 ) sodium, and potassium 
chlorides , (n) potassium chloride and sulphate ; (m) potassium and sodium sulphate; 
(iv) sodium sulphate and chloride ; and of (v) potassium salts from mixtures of 
sodium and potassium ohlondes and sulphates The results were then extended 
to samples of desert brine J. H Hildebrand also showed how J. H. van’t Hoffs 
results Bhow the course of the fractional crystallization of sea- water containing 
magnesium, sodium, and potassium sulphates and chlorides, 

Ta/rtvb 1 XL- — Composition op Saturated Solutions in Equivalent Mols per 1000 

Mols op Water 


Points 
in Pig 

Sat with 

ISTfigOlg 

K a Cl a 

N& 2 SO 4 

K a S0 4 

Sp gr. 

A 

0 ° 

Na 2 ^ 0 | • • • » 

(Pig 54). 


5 85 


1 043 

B 

K a S0 4 • « • » » 

— 

— 

• — 

7 47 

1 083 

O 

KCl 

— 

34 05 

— 

— 

1 153 

V 

NaCl . . 

63 S4 

— 

— 


1 208 

F 

Glauber’s salt and K a S0 4 

— 

— 

7 99 

9 30 

1 118 

a 

K,S0 4 and KCl 

— 

33 06 

— 

1 26 

— 

H 

NaCl and KCl 

4fc 58 

12 75 







/ 

NaCl and Glauber’s salt . 

63 28 

— 

2 32 

— 

1*185 

L 

KaSO*, KCl, glasente 

19 41 

21 48 

2 87 

— 

1 188 

N 

NaCl, Glauber’s salt, KCl 

49 44 

9 43 

— 

3 76 

1 240 

O 

KCl, Glauber’s salt, glasente 

41 71 

12 15 

— 

3 35 

1 232 

P 

K a S0 4 , Glauber’s salt, glasente 

11 50 

16 00 

6 0 

• — 

• — 

A 

25 

Na a S0 4 • • • • 

(Fig. 56) 


36 41 


1*212 

B 

K a S0 4 

— 

— 

— 

12 46 

1 088 

O 

KCl ■ • . « • 

— 

44 62 

— 

— 

1*187 

D 

NaCl 

54 90 

— 

— 

. — 

1 199 


Na a S0 4 and glaserite 

— 

— 

39 27 

9 03 

1 282 

F 

K*80 4 and glasente , 

— 

— 

8 48 

13*69 

1*149 

9 

K a S0 4 and KCl 

— 

44 11 

— . 

1-60 

1 190 

H 

KCl and NaCl 

40*04 

19 00 

— 

— 

1237 

T 

NaCl and Na a S0 4 . 

49 50 



12 44 



1 239 

J 

Na a S0 4 and Glauber’s salt 

29-00 



27 5 



1 243 

K 

Na a S0 4 , Glauber’s salt, glasente 

21 92 

, — 

28 25 

7 57 

1 273 

L 

KCl, KfcSO*, glasente 

10 46 

35 49 

— . 

2 30 

1 200 

M 

KCl, NaCl, glasente 

43 08 

19 78 

4 46 

— 

1 250 

N 

NaCl, NajSO^ glaserite 

53 75 

— 

2 85 

11 40 

1 266 

A 

60 

Na 2 S0 4 • ■ • * 

0 (Fig 60) 


56 86 


1*301 

B 

k # so 4 • • • • 

— 

— 

— 

17 00 

1 110 

0 

KCl .... 

— 

62 10 



1 198 

D 

NaCl . . 

56 24 





1 188 

E 

Na a S0 4 and glasente , 

— 



68 00 

9 72 

1 351 

F 

K a S0 4 and glasente . 

— 



8 61 

17 95 

1 307 

9 

KClandK a S0 4 

— 

51 03 



1 90 

1 212 

B 

KCl and NaCl 

44 82 

20 01 



1 246 

l 

NaCl and Na 2 S0 4 . 

61 93 



9 20 



1 223 

L 

K fi S0 4 , KCl, glaserite 

7 21 

42 36 


2 67 

1*203 

M 

KCl, NaCl, glaserite 

NaCl, Na a S0 4 , glasente . 

41 36 

27 01 

4*00 

. - 

1 254 

N 

40 15 

14 68 

11 74 

— 

1 248 


B Karand 6 eff found that the fusion curves of the system KF — K 2 SO 4 gave 
euteotics at 883° (41 mols, per cent, of potassium fluoride), and 788 0 (83 mols per 
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cent of potassium fluoride) There is a maximum at 887° corresponding 'with the 
mp of potassium fiuosulpbate, K 2 S0 4 KF, which decomposes below 578°. 
E F.Weinland and J Alfa 36 prepared feebly doubly-refracting monocknio sphenoidal 
crystals of monohydrated tnpotassitun chfluorodisulpliate, K 3 H.S 2 07 F 2 *H 20 , by 
evaporating soln of potassium sulphate or hydrosulphate with 40 per cent, hydro- 
fluoric acid H Zirngiebl found the crystals to have the axial ratios < 2 . 6*0 
=1 0130 * 1.0 8218, and /3=108° 39'. C Pape’s dtpotassium sodium chloro- 
sulphate , K 2 S0 4 NaCl, was probably a mixture O Ruff and W Plato found that 
mixtures of sodium sulphate with sodium chloride or bromide give the V -fusion 
curve with eutectics respectively at about 650° (46 mols per cent of sodium sulphate), 
and at 640° (38 mols per cent of sodium sulphate) , while mixtures of potassium 
sulphate with potassium chloride or iodide give the V -fusion curve with eutectics 
respectively at 720° (25 mols per cent potassium sulphate) and 670° (13 mols, 
per cent potassium sulphate) E Janecke has confirmed these results H Rose 
obtained a transparent mass during the absorption of sulphur tnoxide by potassium 
chloride, which, according to C Schultz- Sellack, has the composition KCI 8 SO 3 , 
and which A W Williamson and H Schiff called potassium chloi o&ul'phate Accord- 
ing to S Zmno, iodine reaote with potassium sulphite, forming potassium todo- 
sidphate, m six-sided columns isomorphoua with potassium sulphate. 

J C G* de Mangnac obtained what weTe thought to be trigonal crystals of 
tnsodium fluorosulphate, Na 2 SQ 4 NaF, m the 
preparation of sodium fluoride with hydro- 
fluoric aoid contaminated with sulphuric acid. 

The three-component system, NaCI— Ra 2 S 04 
— H 2 0, was investigated by W Meyerhoffer 
and A P Saunders during their study of the 
effect of foreign salts, when it was found that 
the change from Glauber’s salt to anhydrous 
sodium sulphate is reduced from 32‘8° to 
17 9 °, when the liquid is sat. with sodium 
chloride The system has also been studied 
by J H van’t Hoff, A W. Browne, A Seidell, 
and by F K. Cameron, J M Bell, and 
W 0 Robinson. The general results at 25° 
are indicated in Fig 67, which represents a 
portion of the triangular diagram with 
at the top apex, NaOl at the right apex, and H 2 0 at the left apex The curve AB 
represents the soln m equilibrium with the solid phase Na 2 S0 4 10H 2 0 : BC, with 
the solid phase Na a S0 4 , and CD, with the solid phase NaOl. There is thus no 
sign of a double salt F A. H Bchrememakers and G M A Kayser investigated 
the ternary system, Li 2 S0 4 — LiCl — H 2 0 

J C G. de Mangnao prepared monohydrated trisodium Xlitratosulphate, 
Na 2 S0 4 NaN0 8 H a 0, by evaporating mixed soln. of the component salts. The 
crystals were monoclimc prisms corresponding with the mineral darapshie which, 
according to A Osann, have the axial ratios < 2 : 6 : 0 = 1 * 5258 : 1 : 0*7514, and 
J3=102°25', and sp gr 2*203; A, de Schulten found the sp. gr to be 2*197. There 
is also the mineral mtroglaubente , 2Na£S0 4 6NaN0 8 3H 2 0. J 0 . G de M&rignac 
also prepared dipotassium hydroiodatosulphate, KHS0 4 KI0 s , in monoclinic 
prisms with the axial ratios a b * o=l 9288 : 1 . 1*0346, and j8=93° 14' The 
compound was studied by G. S. S4ruflas, N A. E Millon, and 0 E Ram.melsberg 
The constitutional formula was denoted respectively by C. W. Blomstrand and 
0. Friedheim : 
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§ 27. Ammonium Sulphates 


A Libavius mentioned that crystals of a compound are formed when spiritus 
urines is treated with oil of vitriol, and the soln evaporated. J. R. Glauber also 
made this salt by treating volatile alkali with sulphuric acid, and he pointed out 
some of its medicinal uses. For a time this salt was known as sal ammomaaum 
secrelum Glaxiberi D L. G Karsten, 1 M. Sage, L. Pabmeri, and 0. Popp found 
ammonium sulphate occurring as mascagmte about volcanoes m the fissures of 
lava, as at Vesuvius, Etna, and the Lipari Islands , C Sohxmdt and 0. Popp, m 
the boric acid fumoroles of Tuscany, etc. ; F. H Storer, in anthracite coal , etc 
3 D Crenshaw found ammonium sulphate m the due dust of kilns, using Pennsyl- 
vanian anthracite as fuel , A. Muntz and E Lam6, from the dry distillation of 
turf ,* R E. Carpenter and S E Linder, among the reaction products of Claus’ 
kiln, E Berglund, among the products of the hydrolysis of nmdosulphomo 
acid; etc. 

Ammonium sulphate is produced when aqua ammonia, or a mm onium carbonate, 
is neutralized with sulphuric acid, a reaction studied by F C. Hills, R W. Wallace, 
P. 8 Brown, P. Spence, and T Illingworth, etc. L Mond treated ammonium 
chloride with sulphuric acid until all the hydrogen chloride was expelled, and then 
converted the resulting hydrosulphate, (NB^JHSO^ with ammonia so as to convert 
it into the normal sulphate. P ae Lachomette made it by the oxidation of crystal- 
lized ammo ni u m sulphite ; and H H. Stephens, by treating putrefied amm onia 
with calcium, sodium, or ferrous sulphate, or with alum. W Leybold, K Zimpell, 
0. Kausch, H Ost, and many others have studied the preparation of ammonium 
sulphate on a manufacturing scale. H. Hampel has described two continuous 
processes for manufacturmg ammonium sulphate from the sulphates of the potassium 
salts available at Stassfurt, etc The one process involves reactions which are 
illustrated by the equation . K 2 S0 4 +Ca(N0 s ) 2 =2KN0 3 +CaS0 4 , CaS0 4 +2NH 3 
+C0 2 +H a 0=CaC0 3 +(NB[ 4 ) 2 S0 4 , and Ca00 8 +2HN03=Ca(N0 8 ) 2 +C0 2 +H 2 0. 
Synthetic ammonia and nitric acid are utilized, and the by-pioduot, potassium 
nitrate, is more valuable than the ammonium sulphate The other process is 
likewise illustrated by the equations* MgS0 4 +CaCl 2 =MgCl 2 +CaS0 4 ; CaS0 4 
+2NH3+C0 2 +H 2 0=CaC0 3 +(NH 4 ) 2 S0 4 , CaC0 8 +2HC1^0aC] 2 +H 2 (M C0 2 ; 

MgCl 2 +H 2 OMgO+2HCl. D H. B Wnde has also discussed the manufacture of 
am mo mum sulphate from calcium sulphate, ammonia, and carbon dioxide. 
K. Nishizawa studied the equilibrium or the five component system involving 
Na 2 S0 4 , NaHS0 4 , (NH4) 2 S0 4 , NH4HCO3, and H 2 0, at 16°, m order to find the 
best conditions for the manufacture of ammonium sulphate from sodium sulphate 
by the ammonia-soda process. He found for each 1000 grms of water, 79*54 mols 
of Na^SO*. and 134 2 mols of NH^HCOg should be mixed, and there will be produced 
45 82 mols of Na, 20 90 mols of HCJ0 8> 79 54 mols of S0 4 , and 134 2 mols of NIL 
per 1000 mols of water at 15° 


„ ^ Feld s process, a mixture of hydrogen sulphide and ammonia is passed 

into aq soln. of ammonium tri- and tetra-thionate whereby the polythionates 
inverted into thiosulphate (NH 4 ) 2 Ss0 6 +(NIL) 2 S=:2(NH 4 ) 2 S 2 0 8 , and 
P^S 4 0 6 + (NH 4 ) 2 S =2 (NH 4 ) 2 S 2 0 8 -j- 8. The latter is treated with sulphur 
dioxide and re-converted into polythionate, but double the amount is obtained as 
was originally employed: 2(NH 4 ) 2 S a 0 3 +3S0 2 -(NH 4 ) 2 S 3 0 6 +(NH 4 ) 2 S 4 0 6 . The 
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excess of polythionate is removed, and the soln boiled whereby ammonium 
sulphate, sulphur dioxide, and sulphur are produced * (NH 4 ) 2 S 3 0 6 =(NH 4 r ) 2 S 04 

+SO a +S The sulphur dioxide is utilized as indicated above, and likewise also 
the sulphur which is burnt to sulphur dioxide The reactions have been studied 
by F. Easchig. 

In 1781, Earl of Dundonald patented a process for the recovery of volatile 
alkali produced m the distillation of coal, but nothing came of it , then followed, 
m 1837, the patent of G D Midgley and J H Kyan for the treatment of gas liquor 
for its ammonia. Ammonium sulphate was once prepared by saturating raw gas 
liquor directly with sulphuric acid until the yellow liquid had a milky appearance, 
The neutral soln so formed was evaporated until the salt crystallized out The 
product was generally yellow or grey, and sometimes red or blue It contained 
other ammonium salts — sulphite, chloride, thiocyanate, etc — as impurity The 
impure sulphate had a much lower market value than a purer product, and the 
cost of the fuel required for the evaporation rendered the process not satisfactorily 
remunerative. The salt is now made by boiling ammomacal soln. like gas liquor 
with lime, and passing the ammonia which is evolved into sulphuric acid. At first, 
the ammonia was generated in a simple boiler heated by a direct fire, but the wear 
of the boiler and scale produced by the formation of a hard incrustation of lime 
were so troublesome that improvements were soon introduced. Among the first, 
was the use of steam for heating the still in which the ammonia was generated. 
The steam was either blown directly into the liquor, or passed through coils placed 
m the liquor , then a combination was so arranged that a boiler at a higher level 
was heated by steam from a boiler at a lower level The volatile products were 
driven from the upper boiler, and the lime treatment was conducted m the lower 
boiler As soon as the liquid m the lower boiler was exhausted, it was run off, 
and the hquor from the upper boiler passed into the lower boiler, where it was 
treated with lime The upper boiler was filled with fresh liquor, which was heated 
by the steam from the lower boiler. The cycle was repeated anew. 

In modem continuous processes, based on the use of A. Coffey’s still, the 
ammomaoal hquor is run into a superheater , where it is heated previous to entering 
the still The hot hquor is mixed with lime and passed down a tower with tiers 
of chambers — mde Fig. 66. A strong current of steam is blown m at the bottom 
of the tower and passed upwards through perforated caps in the floor of each 
chamber Fresh hquor enters at the top of the tower, and the exhausted liquor 
passes away at the bottom The gases charged with ammonia' pass from the top 
of the tower and are led through sulphuric acid m the saiw oior , where the ammonia 
is absorbed. The unabsorbed carbon dioxide, hydrogen sulphide, etc., pass along 
to the superheater, where they give up a large portion of their heat. This heat is 
utilized to warm up the gas liquor on it3 way to the tower. The gases may then 
pass on to the chimney, or they may be treated in an iron oxide purifier or m a 
Claus’ kiln The ammonium sulphate which crystallizes from the sat sulphuric 
acid is allowed to drain There are several different types of plant on the market — 
e g Savalle’s, Feldmann’s, Gruneberg and Blum’s, etc 

The early analyses of K Krrwan, and of J J. Berzebus, translated into modem 
notation would be represented by (NH 4 ) 2 S0 4 .H 2 0 ; but later analyses by A Ure, 
E Mitscherlich, 0 B. Kuhn, etc., indicate no water of crystallization The 
commercial salt is light grey and may be guaranteed to contain at least 24 per cent 
NH 8 , it commonly contains a little more — say, 24 25 to 24*75 per cent NH 2 — 
from 2 to 4 per cent of moisture , and from 0 15 to 0 4 per cent, of free Bnlphunc 
acid — theory for (NH 4 ) 2 S0 4 , 25 76 per cent KH 3 , 74 24 peT cent H 2 S0 4 . The 
salt is used as a fertilizer, and buyers stipulate that the salt shall be free from 
cyanides which act deletenously on vegetable growths When the colour is good, 
and the moisture low, the sulphate may he sold as “ white ” when the required 
minimum <is 25 25 per cent. NH S . H. Fleck found samples of commercial crude 
ammonium sulphate with 0 5 grm, of arsenic per kilogram. 
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The properties o! ammonium sulphate. — Ammonium sulphate can be ok 
tamed in well-developed transparent crystals by evaporation in cold dry weather 
under atm. press of sat , not supersaturated, soln The crystals belong to the 
rhombic system, and, according to E. Mitaoherlioh, 2 have the axial ratios a : b ; o 
=0*5643 : 1 : 0 731 ; or, according to A. E H. Tutton, 0 5635 : 1 : 0 7319 The 
crystals are isomorphous with potassium sulphate, not only morphologically, but 
also in the continuous variation m the physical properties of mixed crystals as 
shown hy G, Wyrouboff and E. Mallard for the optic axial angleB, and by 
J. W. Retgers for the sp.gr. In the series of isomorphous alkali sulphates, 
A. E. H. Tatton found ammonium sulphate to fall between rubidium and caesium 
sulphates with respect to solubility, mol. vol , refractive index, axial ratios, etc. 
A. Eock has also investigated the equilibrium conditions of the mixed crystals 
with water, and found the composition of the soln. changed continuously with the 
composition of the solid phase. A. Ogg and F. L. Hopwood have calculated the 
dimensions of the unit rhomb of the crystals of ammonium sulphate from the 
X-radiograms , and found the lengths of the sides u, 6, o of the unit rhomb 
to be respectively 5 951 XlO” 8 cm ; 10 560x10”® cm ; and 7 729x10“* cm.; 
while the volume is 485 71X10” 24 oo. There are four mols in the elementary 
cell. On comparison with the corresponding values for the isomorphic sulphates 
of potassium, rubidium, and caesium, and remembering that the replacement in 
the elementary cell of eight atoms of potassium by forty atoms of the four radioal 
groups NH4 causes no more distension of structure than if eight atoms of rubidium 
bad replaced the eight atoms of potassium ; and the replacement of eight atoms 
of potassium by eight atoms of caesium causes twice the distension produced by 
forty atoms of the form NH^radicles This is taken as a conclusive proof against 
the theory of crystal structure based on the closest pac kin g of the constituent 
atoms, and of their spheres of influence. 

The earliest detennmation of the specific gravity of ammonium sulphate is 
1*7676 by 2e citoyen J. H Hassenfratz 2 at Paris in 1798. The other published data 
range from 1*75 reported by H. Buignet to 1 773 reported bv H. G. P. Schroder. 
The best representative value must be near 1*7687, as reported by A E. H- Tutton 
at 20° (water at 4° unity). The mol. vol by A E. H Tutton is 74 63 ; and 
P. A. Pavre and C. A Valson find the eq. volume of the salt is 37*4 o.c W. Spring 
gives the following values fox the sp.gr of the salt at different temp, and for the 
volume assumed at different temp, by unit volume of the salt at 0° : 

0* 10 ° 20 ° 40 ° 60 ° 80 ° 100 ° 

gper. . • 1*7763 1-7748 1*7734 1-7703 1 7667 1*7617 1 7667 

Volume , . 1 000000 1*000840 1 001067 1 003391 1 005431 1 '008289 1*011191 

w. Spring found an anomalous change in the sp. gr. of ammonium sulphate by 
compression at 20,000 atm., but J. Johnston and L. H. Adams could detect no 
change at 12,000 atm. provided the crystals are homogeneous and free from holes 
and cracks. A. Michel and L Krafft 4 found the sp. gr. of aq. soln sat. at 15° 
to be 1 248; A. E. H. Tutton gives 1*2030 for the sp. gr at 20° of a 35 per cent, 
aq. soln —water at 4° unity, H. SohifE found at 19° : 

Per cent 

(KH*)SO<. 1 _ 5 10 16 20 25 80 40 60 

Sp gr. . 1*0067 1 0287 10575 1 0862 1 1149 1*1439 1*1724 1*2284 1*2890, 
Mol vol. . 57 2 58*4 60 3 62 3 64 1 67*4 70*7 72*9 

The molecular volumes are hy J. Traube, who also gave 74 5 for a 100 per cent, 
soln J. A. Groahans has also studied the mol. vol of these soln. Purther data 
were given hy C. A. Valson, 8 de Lannoy, P. Kohlrausoh, and R. Abegg, etc. 
P A. Pavre and 0. A. Valson gave 1 0378 for the sp. gr of a normal soln at 20° ; 
and for the specific volume of a normal soln at 0°, 15°, and 30°, W. Lerohe gives 
1*000000, 1*00241, and 1*00661 respectively. S. de Lannoy gave for the sp. vol. 
v of 4 per cent, soln , when v 0 is the sp. vol. of the soln. at 0°, v =v 0 (l — 0*0000480 
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4-0*000004640 2 ) between 0° and 40°, and -u=-y 0 (l— 0 000105904-0*000003320 1 *) 
between 40° and 82° , for 12 per oent soln , v=v 0 {l —0 00017230 4-0*0000028370 2 ) 
between 0° and 40°, and v=vq( 1 — 0*00018650 +0 000002480 s ) between 40° and 
85°; for 20 per cent soln, v==t;o(l—0 00024240 4-O*OOOOO1720 2 ) between 0° and 
82°; and for 50 per cent soln, v=i; 0 (l— 0 000269004-0 0000007520 a ) between 
0° and 93*7°. D Dijken and A. Kamtz also made observations on the sp. 
vol of soln. of ammonium sulphate ; and O. Pulvermacher on the sp. gr. of these 
soln. S. de Lannoy gave —5*1° for the temp of maximum density of a 4 per 
cent, soln., —30 3° fox a 12 per cent soln ; —70 4° for a 20 per oent. soln. ; and 
— 178° for a 50 per cent. soln. P. A Favre and C. A, Valson found that dur ing 
the soln of an eq of ammonium sulphate in a litre of water, the water contracts 
27 3 c c., and the contraction of the salt amounts to 10 1 c c., so that the total con- 
traction is 37*4 c c H Gilbault found that at 20°, w grms. of the salt dissolved 
m 100W7 grms. of water contracted such that if F denotes the volume of the soln , 
when Vi is the volume of the water and v 2 that of the salt, Vi~\-v 2 — 7=0*1120, 
0 0835, 0 0583, and 0*0343, when w is respectively 10, 20, 30, and 40. The subject 
is also discussed by W, Ostwald and M. Rogow 

According to W. Spring, 5 after subjecting ammonium sulphate to a press, of 
20,000 atm for three weeks the press fell from 1*773 (20°) to 1*750 (22°) ; and after 
a repetition of the treatment the sp. gr. was 1*760 (22°). W. 0. Rontgen and 
J. Schneider give 0*741 and 0 863 for the relative compressibility of a soln. of a 
mol. of tbe salt in 1,500 and 700 mols of water respectively, and for the relative 
mol. compressibility 0 808 and 0 887 respectively. P. G Tait also measured the 
compressibility of soln of ammonium sulphate H. Gilbault found that if a denotes 
the quotient mol of ammonium sulphate by mol. of water ; D the sp. gr. of the 
soln. at 20° (water at 4° unity) ; k is the mean, and j3 the mol. compressibility, 
then for w per cent soln at 20° the value of (log k$ — log k)D/a is nearly 
constant. 


Table XLI.* — Compressibility op Solutions op Ammonium Sulphate. 


w 

a 

D 

It 

0 

Constant. 

0 

0 

I 

4437 

4437 (ft,) 


10 

0 02941 

1*0675 

3958 : 

4036 

1-4773 

20 

0 06383 

1*1140 

3479 

3652 

1*4766 

30 

0 10465 

1*1724 

3006 

3279 

1*4711 

40 112 

0 15445 

1*2290 

2522 

2897 

1 4726 


Water with ammonium sulphate in soln has a smaller sp. vol than water 
From P. G, Tait’s measurements of the press necessary to produce a corresponding 
contraction in the sp. vol of water, G Tamm arm calculated that the increase in 
the internal press. P atm. of water produced by the dissolution of the salt ex- 
pressed m grams of salt per 100 grms. of water, is as follows : 


Gnn salt 

Internal press. SP, at 10° 
,, „ 15 ° 

„ „ 30° 


9 

3*34 

6*78 

14*0 

30 19 

m 

243 

448 

769 

1158 


260 

455 

766 

— 

• 

247 

435 

732 

— 


C A. Valson gave 59*7 mm for the capillary rise in a tube 0*5 mm diametei at 
20°. The surface tensions of a mol of the salt m 1500 and 700 mols of water may 
be regarded as proportional to the product of the capillary rise and sp. gr , and 
they were given by W . 0. Rontgen and J. SchneideT as 116*91 and 113 99 respectively. 
H. Sentis has also studied the surface tension of ammonium sulphate soln. 0. Porch 
found the surface tension a (mgrm. per mm.) of soln. at 0° containing m=half a 
mol per litre ; 













698 


INORGANIC AND THEORETICAL CHEMISTRY 
Table: XLII 


m 

9 

<r 

" "^soJn ‘’’water 


8 285 

15 0 

8 566 

0 749 

0 142 

4 100 

15 8 

8 351 

0*547 

0 134 

3 180 

15 4 

8 229 

0*419 

0 132 

2 135 

15*3 

8 089 

0 278 

0 131 

1 274 

16 2 

7 984 

0*171 

0 134 

1 061 

14 9 

7 966 

0 149 

0 140 

0*881 

15 1 

7 939 

0 125 

0 142 


A Kanjtz gave the viscosity of N-, %N- 9 and JA-soln as respectively 1*1114, 

1*0552, 1*0302, and 1 0148 (water unity) A. Karutz also measured the viscosity 
of soln. of ammonium sulphate mixed with potassium or aluminium sulphate 
R Abegg and 0 Pulvermacher have also studied the viscosity of soln of this salt. 
T. Graham found that in 24 hrs. 0 0389 gnu diffused from an approximately 
normal soln into water — J H. Long found 0'0482 grin J. H Long also found 
the velocity ol diffusion, % e the relative number of mols which diffused from a 
normal soln in a day, to be 724 

The coefficient of thermal expansion of the solid salt can be computed from 
W. Spring’s data indicated above, and A de Lannoy found for 4 per cent soln. 
at 50°, 0 0004374 , at 100°, 0*0007099 , for 12 per cent soln , 0 000434 at 60°, 
and 0 000682 at 100° ; for 20 per cent soln , 0*000414 at 50°, and 0*000586 at 
100° ; and for 50 per cent soln , 0 000344 at 50°, and 0 000419 at 100°, He also 
represents his results by a formula of the type v=v 0 (l-\-a8-±-bd 2 ) as indicated 
above. G Tammann’s value for the specific heat of the solid salt is 34 Cals per 
mol J. 0 G. de Marignac gives fox the sp ht of soln. (NB^SC^+tt^O at 19 51°. 

n ... 16 25 50 100 200 

Sp ht • . 0 7385 0 8030 0*8789 0 9930 0 9633 

Mol ht. . . 297 476 3 007 1802 3595 

G Tammann, A Winkeknann, and J Thomsen also give values for this constant. 

According to R F Marchand, 6 the melting point of ammonium sulphate is 
140°; but this is wrong, for it really referred to the hydrosulphate, at 280° the 
salt is said to begin to vaporize, and at the same time to be decomposed with the 
formation of some nitrogen and of am mo mum sulphite On a gradually rising 
temp., W Smith found that the evolution of a mm onia could be detected between 
120° and 125°, and in some cases at as low a temp as 80° R. Reik says that the 
sublimation in vacuo as well as at ordinary temp is attended by a transformation 
of the Balt mto the hydrosulphate, (NH^HSO* W. Smith showed that the observed 
fusion is not due to the melting of the normal sulphate, for this salt does not melt 
but passes into the hydrosulphate, and a very pure hydrosulphate can be obtained 
by heating the normal sulphate to about 320° m a platinum dish. A mm onia is 
first evolved, and as the temp rises, ammonium sulphites are formed, and finally 
ammonia, sulphurous oxide, water, and nitrogen escape The residue left behind 
on cooling is almost pure NH^HSO^ Jit the higher temp , the ammonia mol. 
and that of sulphur trioxide mutually decompose each other, forming nitrogen, 
sulphur dioxide, and water However, ammonium sulphate at this high temp 
decomposes, so that the hydrosulphate remains as a residue P Schweitzer believed 
that the hydrosulphate is formed when normal a mm oni um sulphate is heated, 
and at a higher temp he supposed that the product is dzammomum telra hydro- 
tnsulphate , (NH^B^SO^g, while at a rather lower temp , tetrammomum dihydro- 
tnsulphate , (NH^HsCSO^g, is formed. S W. Johnson and R. H Chittenden 
appear to Tegard these salts as mixtures of a mm onium hydrosulphate and pyro- 
Btuphate. H Schulze found that the pyxo sulphate is formed by a prolonged 
heating between 250° and 300°. E. Janecke obtained 251° for the' m p. of the 
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hydro sulphate, and 357° for the simultaneous melting and decomposition of the 
normal salt under atm press. Owing to the decomposition of the normal sulphate 
in open tubes, it is impossible to determine the m.p under these conditions. G Bartha 
observed that ammonium sulphate decomposes at 200° m vacuo before volati- 
lizing. C. Caspar obtained with an open tube a softening of ammonium sulphate 
at 310°, a melting at 336°-339°, and a decomposition at 355° ; and with a closed 
tube, a softening at about 360°, and a meltmg at 417°-423°. The m p is probably 
much higher than is usually supposed because J. Kendall and M L. Landon did not 
succeed in melting the normal salt in a sealed tube at the b.p. of sulphur — about 
445° — but J Kendall and A. W. Davidson found that in a closed tube, under an 
ammonia press greater than atmospheric, the salt begins to soften at 490°, and 
melts at 513° ±2°. It is a unique example in inorganic chemistry, of a sulphate 
with a m.p below that of the corresponding chloride, which melts at 550° under a 
press of approximately 66 atm Usually the chlorides melt at a lower temp than 
the sulphates 

G. T Gerlach measured the boiling points of soln. of different cone with 15*4, 
58 0, and 115 3 grins of salt per 100 grins of water, the b p are 101°, 104°, 
and 108 2° respectively ; at 108 2° the solid phase is (NHJgjSO^ This subject 
has also been investigated by S M Johnston 0. Matignon and F Meyer found 
the b p. of a sat soln of ammonium sulphate is 108 9°, and the soln. contains 
3 922 mols per 1000 grms , and a soln sat with both sodium and ammonium 
sulphates bods at 111°, and contains 1 125 mols of the former salt, and 3 175 mols. 
of the latter per 1000 grros of soln. H. Leseceur’s value for the maximum vapour 
pressure of a sat soln is 14 8 mm. at 20°. F. M. Raoult found the lowering of the 
vap press of a 1 per cent, soln to be 0*230 X7 6 ; and G. Tammann, for the lowering 
of the vap press, of soln of different cone, at different temp Soln with 5*18, 
43 53, and 79 95 grms of salt per 100 grms of water, at 100°, lowered the vap. 
press 8 4, 75 9, and 141 0 m m . respectively. Soln with 13*93 and 40 91 grms of 
salt in 100 grms. of water lowered the vap press of water : 


Soln 13 93 grms 
Soln 40 91 grms 


32 ° 

52 ° 

67 ® 

76 3 ° 

88° 

98 * 

101° 

1 0 

52 

6 7 

9 9 

14 5 

19 9 

24 3 mm. 

3 5 

10 3 

29 

30 4 

46 2 

58 0 

70 8 mm 


L C de Coppet found that the freezing point of a sat soln. of the salt, containing 
62 2 grms of salt m 100 grms of water, is —19 05° , and, according to F Guthrie, 
when soln. of different cone, are cooled, the solid phase separating at different 
temp is as follows : 

Percent (KH 4 ) 8 S0 4 * 10 20 40 41*7 41 9 43 2 

Separation at . .—26° —0 0° —16° — 17 ° 0° 19 0^ 

Solid phase . . Ice Euteotio (KH 4 ) a S0 4 


The lowering of the f p of water by the dissolution of the salt has been investigated 
by L. C de Coppet, F. Rudorff, F. M. Raoult, and by H C Jones and his co-workers. 
A gram of the salt in 100 c.c. of water lowers the f.p. 0 276° (L 0 de Coppet), 0 269° 
(F Rudorff), and F M Raoult gives the lowering of the f p. of a 1 per cent. soln. 
as 0*273°, and he gives the mol. lowering of the f p. as 37 0°, when L. 0. de Coppet 
gives 36*4°. H. 0. Jones and C. G CarrolT measured the effect of ammonium 
sulphate on the f p. of soln of hydrogen peroxide and found the depression of the 
f.p. to be smaller than with water , and it was therefore assumed that a complex 
is formed by hydrogen peroxide and ammonium sulphate. 

M. Berthelot’s 7 value for the heat of formation of ammonium sulphate, 
(KH 4 ) 2 S 043011a +2NH Sgaft == (NH^S 0 4 + 67 * 6 Cals. J. Thomsen gives 65*25 Cals 
The former also gives 2KH 8 aq+H2S0 4 aq=29 06 Cals , and the latter, 29*06 Cals 
The nse in the thermal value of the reaction, S03.200H20+21UEC40H 200H 2 O 
=(NH4) 2 S0 4 401H 2 0 +27 79+0 0690, where 6 denotes the temp. The heat of 
neutralization of a mol. of ammonia with an eq. amount of sulphuric acid, is 14*1 Cals. 
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(J. Thomsen), 14 5 Cals (M. Berthelot). J. Thomsen gives —2*37 Cals, for the 
heat of solution of a mol. of the salt in 400 mols of water at 18°, and in 200 mols. 
of water, —2 33 Cals. The heat of dilution of a soln of a mol. of the salt m 10 mols. 
of water with n more mols of water, according to J. Thomsen, is —0*253 Cal. when 
fi=30 ; —0 437 Cal. when w=50 ; —0*632 Cal. when n=100 ; and —0*750 Cal. 
when n=200. M. Berthelot gives —2*7 Cals, for the heat of soln. of one part of 
the salt in 50 to 100 parts of water According to C. M. van Deventer and 
H J van de Stadt, the heat of soln of a mol. in 200 mols. of water is — 3"3 Cals., 
the theoretical heat of soln. is —1*5 Cals , and the integral heat of soln., —1*3 Cals ; 
P. A Favre and 0 A. Valson give the heat of soln. of a gram-eq. of the salt in a 
litre of water at 19*65° as —0 979 Cal., at 24*20°, —0*936 Cal , and at 28 4°, —0*996 
Cal The heat of soln of a gram-eq. of the salt in 147 gram-eq of water is 0*981 
Cal ; if the water contains an eq. of sulphuric acid, —1 977 Cals. ; and if five 
eq. of this acid, —2 471 Cals ; if one eq of hydrochloric acid, —3 054 Cals , and 
if five eq , — 3*071 Cals. P. Chroustsohoff studied the heat of soln. of ammonium 
sulphate m soln. of potassium chloride M. Berthelot and P. A. Favre and 
C. A. Yalson have studied the behaviour of -mixtures of ammonium sulphate with 
other salt soln — potassium nitrate, chloride, carbonate and hydrocarbonate, and 
sodium diborate, for instance, 2 (NH 4 ) 2 S 04 +E^ 0 3 ==— 0 101 Cal ; KC1=0 000 Cal. \ 
p: 2 C0 8 =-3 18 Cals. , KHCO 8 =-0 12 Cal ; ^Na 2 B 4 0 7 =-2*25 Cals. ; PaCl 2 
=3*279 Cals M. Berthelot says that G H. Hess’s law of thermo-neutrality is not 
clear with ammonium sulphate. P A. Favre has also measured the heat of reaction 
of ammonium sulphate and barium chloride. 

M. Erofejefi 8 found the refractive indices of ammonium sulphate for lithium 
and sodium light for vibrations parallel to all three axes ; and A. E H. Tutton 
found for the a, /?, and y indices of refraction, where the vibrations are respectively 
parallel to the c , b, a axes, at ordinary temp , say 15° : 



Zi-Jine 

O-lIne. 

Jfo-Ime. 

27-line. 

inline. 

O-line. 

fa-index • 

. 1 5177 

1 6182 

1 6209 

1-5237 

1 5370 

15318 

1 5° | /5-index 

. 15199 

1 5204 

1 5230 

1-6258 

1-5291 

1 5340 

(y-mdex 

* 1 5297 

1 6302 

1-5330 

1*6359 

1-6394 

1 5445 

( a-index 

. 1 5146 

1*5151 

1-5178 

1*5206 

1-6239 

1-6387 

80°} jS-mdex . 

. 15174 

1-6179 

1 6205 

1 6233 

1-6206 

1 6315 

ly-index 

. 1 5268 

1-5263 

1 6291 

1 5320 

1-5356 

1 5406 


The mean refractive index of all these values is 1*5256 , and the /8-index, corrected 
for vacuum in terms of the wave-length A, is 1*5094+51 1 71 9A“ 2 — 894520 Xl0 6 A~ 4 . 
For the a-index use 1*5072 in place of 1 5094, and for the y-index use 1*5194 in 
place of 1*5094 All the indices diminish with a rise of temp , but not equally, 
for the /8-mdex moves relatively nearer to the y-mdex. There is also a diminution 
in the total amount of the double refraction such that y — a for Na-hght decreases 
from 0*0121 at 15°, to 0*0113 at 80°. The specific refraction by H. A. Lorenz 
and L Lorentz’s formula for the* three morphological axes a, b , and c are 
respectively 0T748, 0 1721, and 0*1715 for the C- line, and for the 6r-line, 0*1787, 
0*1759, and 0 1753 ; the corresponding specific dispersions are respectively 0 0039, 
0*0038, and 0*0038 ; and the molecular dispersions 0 52, 0*49. and 0 49 The 
molecular refractions by J. H. Gladstone and Dale’s formula for the 0-lme are 
respectively 39 60, 38*87, and 38*70 — mean, 39*06. E.* Doumer gives 0*325 for the 
refraction of dil. soln., and 42 9 for the mol. refraction C A. Yalson, D. Dijken, 
and J. H, Gladstone have measured the indices of refraction of normal soln ; and 
A. E. H. Tutton gave for soln with 35, 40 35, and 40 64 respectively of sp. gi. 
1 2030, 1 2334, and 1*2339 at 20° (water at 4° unity), the mean mol. refractions 
39 71, 39 53, and 39*76 respectively The mean refraction of the salt m aq soln. 
is therefore 39*67, that is, 0 61 more than for the crystals themselves. 0. Pulver- 
macher made some measurements of the refractive index of aq. soln. W. H Perkin 
found the mol magnetic rotatory power for a 40 per cent soln. at 18° to be 4*98°. 

According to W. Basinger and J. J. Berzelius, 9 an aq. soln. of ammonium 



THE ALKALI METALS 


701 


sulphate is decomposed by electrolysis, hydrogen and ammonia appear at the 
cathode, and ferric sulphate, and later oxygen, at the iron anode. E. Bourgoin 
found no free nitrogen is formed. For the formation of persulphates, vide ammo- 
mum persulphate. The decomposition potential of a N - soln with platinum 
electrodes is found by M le Blanc to be 2 11 volts — i.e about 0 1 volt less than 
that of the potassium or sodium salts Measurements of the electrical conductivity, 
A, of aq soln of ammonium sulphate have been made by F. Kohlrausoh, E. Klein, 
S Arrhenius, J. H. Long, R. Lenz, S M. Johnston, etc For soln. with a mol. 
of the salt in v litres of water. H 0. Jones and E Mackay found at 25° : 

v . . 0 8751 3 50 17-50 87*51 350 0 175*0 

\ 124 7 161 2 198 6 235 3 260 9 275 1 

F Kohlrausch’s values for the temp, coefi of the conductivity of 5, 10, 20, and 30 
per cent. soln. at 15° are 0 0215, 0 0203, 0*0193, and 0 0191 repectively. 6. Boizard 
has investigated the conductivity of mixed soln of ammo mum sulphate and dil. 
sulphuric acid If A denotes the conductivity of the soln A' that of the solvent, 
for a one per cent soln of ammonium sulphate, the ratio A/A' is a minimum 0 964 
with 88 peT cent of sulphuric acid, and it rises continuously with an increasing 
dilution until with 15 per cent, sulphuric aoid, the ratio is unity. For soln. with 
more than 3 per cent sulphuric acid, the difference in the conductivities is propor- 
tional to the cone of the ammonium sulphate, but with over 2 per cent, of this 
salt, the change m conductivity is less marked. In 2 per cent, sulphuric acid, a 
cone soln of ammonium sulphate conducts better, and a dil soln. worse, than the 
solvent If less than one per cent of sulphuric acid the conductivity is always 
better than that of the solvent. With soln. containing 25 to 95 per cent of sulphuric 
acid, the ratio A/A' with rising temp, approaches unity, and the soln containing 
0 to 0 6 and 3 to 25 per cent of acid, the converse change occurs, and with soln. 
containing between 0 6 and 3 per cent, acid, both actions can be observed. The 
degree of ionization of the salt in aq. soln has not been determined exactly. The 
ionization proceeds in stages : (NH 4 ) 2 S04r : ^NH4 : SO / 4 +NH‘4, followed by 

N^SO'^SO'VfNH 4, and unless the first stage be completed, the calculation 
cannot easily be made From the conductivity and f.p. measurements of a normal 
soln , S. Arrhenius calculated for the ternary iomzation, (NB^ 2 S0 4 ^2NH ’i+SO"^ 
the value 2‘17 for J. H. van’t Hoffs factor i ; but the result is not probable. 
H Koppe calculated i = 2 00 for the V-soln. from his osmotic measurements The 
effect of additions of non-conductors to the soln. was studied by S. Arrhenius. 
The degree of ionization with a ^V-soln., at 25°, is 0 0185 with methyl alcohol ; 
0*0249 with ethyl alcohol ; 0*0267 with isopropyl alcohol ; 0 0212 with ether ; 
and 0 0171 with acetone. 

H. C. Debbits noted that the aq. soln. loses ammonia on boiling as it does at 
ordinary temp., as is shown by leading a stream of purified hydrogen through a 
cone soln ; according to A. R Leeds, the dissociation is also shown by the aq. 
soln. at 50 5° reacting acid, the vapour alkaline. H. C. Debbits found that the 
presence of salts m the soln. — potassium and sodium salts as well as calcium and 
strontium chlorides — mcreases the quantity of volatilized ammonia. A. Naumann 
and A. Rucker found the hydrolysis of soln. of ammonium sulphate to he very 
Bmall at ordinary temp., but on warming, the soln. becomes acid ; they calculate 
the degree of hydrolysis at the b p. of wV-soln. of ammonium sulphate to he : 

n ... jyv- iN- Ijy- IN- %N- N- 2 N- 

Hydrolysis . . 0*688 0*463 '0 4X3 0*398 0*342 0*230 0*191 

This is greater than that of the chloride or bromide In consequence, it is better 
to titrate ammomacal soln. with hydrochloric than with sulphuno acid. O. Bruck 
studied the hydrolysis of boiling soln. of a mm onium chloride. 

A. Vogel, 10 G. J Mulder, K. von Hauer, A E. H. Tutton, and M. Alluard have 
measured the solubility of this salt in water. L. 0. de Coppet’s and F. Guthrie’s 
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values for soln. below 0° have been indicated above ; the eutectic is at —19*05** 
with 38 4 per cent of the salt. G J. Mulder’s values for the solubility are : 

0 ° 10 ° 20 ° 30 ° 40 ° 60 ° 80 ° 100 ° 

Percent gait .41*4 42 2 43 0 43 8 44 8 46 8 48 8 60 8 

The determinations at the higher temp are not so rehable on account of the loss 
of ammonia by hydrolysis , the sat soln boils at 108 9°. There is an unstable 
39 4 per cent soln at —20 4° with ice as the solid phase. The normal sulphate, 
(NH4) 2 S0 4 , is the solid phase between 0° and 100° According to 0 M. van Deventer 
and H. J. van de Stadt, the increase m cone, per degree is 0 07 ; and the relative 
increase m cone, per degree is 0 0035 F Rudorff has studied the effect of ammonium 
chloride , potassium, copper, or zinc sulphate on the solubility of ammonium sulphate , 
and A. Pock has studied the solubility of mixed crystals of ammonium and potassium 
sulphates at different temp. H. Giraud says the salt is easily soluble m sat. aq 
ammonia 

R, Willstatter found that a soln of ammonium sulphate m 30 per cent hydrogen 
peroxide furnishes transparent plates and prisms of (NTLjJgSO* H 2 0 2 The crystals 
decompose slowly in air and smell of ozone, they also decompose rapidly m vacuo 
They axe fairly stable in closed vessels, and if warmed under reduced press , highly 
cone hydrogen peroxide is obtained Ammonium sulphate, said J. T. Sheard, 
absorbs moisture from a damp atm to an unlimited extent, whether it contains 
free acid or not , and both acid and neutral samples which have absorbed moisture 
set to a hard cake when dried. 

E P Anthon found a mm onium sulphate to be insoluble in absolute alcohol t 
while alcohol of sp. gr. 0 872 dissolves 0 2 grin of the salt, and m more dll alcohol 
the salt is more soluble J J Pohl obtained an analogous result J Traube and 
O Neuberg found that with mixtures of aloohol and water, the soln separates into 
two layers with certain cone — e g with alcohol with a sp gr over 0 9530 at 15° — 
m the lower aq layer, the mol ratio of the three components is approximately 
constant, indicating that a definite compound is probably formed. These soln. 
have been studied by G. Bodlander, PAH Schreinemakers, and 0 A L. de Bruyn. 
This phenomenon, layer separation, has also been observed with lithium sulphate in 
alcohol- water soln C. E. Linebarger found the solubility in aq lBopropyl alcohol 
at 20° to be 0 4, 2 0, and 6 7 gnus (NH^SO* per 100 grms. of soln in the presence 
of 70, 50, and 20 per cent, of CyLjOH. W. Erdmann found ammonium sulphate 
to be insoluble in acetone 

On account of the conversion of normal ammonium sulphate mtothehydrosulphate 
by the loss of ammonia, (NH^S 0 4 =NH S + (NH*) HS 0 4 , W Smith has emphasized 
the fact that many of the reactions attributed to the normal sulphate really refer 
to the hydrosulphate For instance, K Stammer says that the red-hot sulphate 
is reduced to the normal sulphite by carbon monoxide ; W R E Hodgkmson 
and N. E. Bellairs found that if heated over the m p , copper furnishes ammonia 
and hydrogen, but if the temp be below 160°, cupric sulphate, water, and ammonium 
sulphite are formed Nickel and cobalt act similarly, but less hydrogen, and 
more sulphite are formed With silver, silver sulphate is formed, and silver dis- 
solves more readily in fused ammonium sulphate than m sulphuric acid, on account 
of the solubility of silver sulphate in the fused ammomum sulphate Palladium 
gives a double salt palladium ammomum sulphate , E Soubeiran found that 
when heated with potassium chlorate, ammonium sulphate decomposes with 
incandescence, forming chlorine, chlorine oxide, nitrogen, and oxygen ; and 
D. Tommasi that when a little ammomum sulphate is added tc fused potassium 
nitrite a vigorous reaction occurs attended by a purple flame, and potassium sulphate, 
ammonia, nitrogen oxide, and possibly nitrogen are formed. According to 
A. Emmerling, and E R. Montz, a hot or cold soln of potassium nitrite and. acetic 
acid decompose ammomum sulphate liberating free nitrogen. According to 
G. Lunge and W. Abenius, 11 and A A Hayes, nitrosyl-sulphurio acid, nitric acid, or 
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nitrous acid, or nitric oxide can be removed from sulphuric acid by heating the 
acid with ammonium sulphate — nitrogen or nitrous oxide is formed. M Del6pme 
found that if finely-divided platinum be heated with sulphuric acid containing 
ammonium sulphate, nitrogen is given off : (NH4) 2 S04+2H 2 S04=H 2 S04 

•f2NH 4 HS04— 3S02+6H 2 0-fN 2 The weight of the platinum does not change 
perceptibly, provided enough of the ammonium salt be present The platinum is 
said to act by forming a sulphate 4H 2 S04+Pt=Pt(S0 4 ) 2 +2S0 2 +4:H 2 0 , followed 
by 3Pt (S0 4 ) 2 +2(1^4)2^04 =2N 2 +3Pt4-8H 2 S0 4 M Del&pine has also Btudied 
the effect of ammonium sulphate on platinum and iridium salts Accordmg to 
A B Prescott, crystals of ammonium sulphate furnish about 10 2 per cent, of 
chloride when a gram is evaporated to dryness on a water-bath with 4 035 grins of 
hydrochloric acid with 1 251 grms of HC1 According to R. J Kane, sulphuric, 
nitric, and hydrochloric acids convert normal a mm onium sulphate in soln into 
the hydrosulphate. J W Thomas studied the absorption of hydrogen chloride by 
soln of ammonium sulphate Heat is developed by mixing ammonium sulphate soln 
with alkah-lye, thus M Berthelot found with eq quantities of ammonium sulphate and 
potassium hydroxide, 1 34 Cals are evolved, and with sodium hydroxide, 1 25 Cals 
H. Schulze obtamed the pyiosulphate, (NB^gS^, by heating ammo mum sulphate 
with an excess of sulphur trioxide. According to H Rose, powdered ammonium 
sulphate absorbs sulphur tnoxide slowly at ordinary temp , and the product fuses 
at a slightly elevated temp , and when heated still higher it decomposes. R. Weber 
found that ammonium sulphate dissolves in an excess of Bulphur tnoxide, forming 
the so-called ammonium octosulphate , (NB^O 8SO a , or ammonium heptasulphato- 
sulphate , (KH4) 2 S0 4 7S0 3 Accordmg to W. Spring, by distilling ammonium 
sulphate with phosphorus pentasulphide, some ammonium thiosulphate and a 
little polysulphide and tnthionate are formed. R F Marchand noted that fused 
ammonium sulphate attacks glass. W Watson found oxalic acid is immediately 
decomposed by fused ammonium hydrosulphate with the evolution of carbon 
monoxide and dioxide. The precipitation of albumen from its aq. soln by ammonium 
sulphate has been studied by A Hensrns and E Blander 

Normal ammonium sulphate is used in preparing ammonia and the ammonium 
salts ; it is used as a fertilizer , it has been used in purifying sulphuric acid from 
nitrogen oxy- compounds ; m the fermentation industries , and in making freezing 
mixtures 

Ammonium hydrosulphate, (NH43HSO4. — This salt is also called ammonium 
acid sulphate, ammonium hydrogen sulphate , or ammonium hisulphate The 
crystallization of a neutral soln. of ammonium sulphate furnishes the same salt 
unchanged, but, aB shown by H. Lescoeur, if the soln. contains sulphuric acid, 
crystals of ammonium hydrosulphate, (NfflyilSO*, are formed The hydrosulphate 
is obtamed by dissolving normal ammonium sulphate m hot cone sulphuric acid, 
crystals of the hydrosulphate are deposited on cooling The mixing of soln of one 
eq each in two litres of water was found by M Berthelot 12 to be attended by the 
absorption of 0'93 Cal R. Bach observed a heat absorption- of 14 Cals 
E Mitscherlich obtained thin plates belongmg to the monoclimo system by treating 
a soln of neutral salt with sulphuric acid The composition corresponded with 
triammomum hydrodisulphate, (NH4) 2 S04 (NI^HSO*, or (NH4) 3 H(S0 4 ) 2 , the 
crystals were not deliquescent The crystal constants were measured by 
J. C G de Mangnac H Schiff repeated E Mitschexlich’s experiments, and 
obtamed only the primary, that is, the hydro-sulphate , S W. Johnson and 
R H Chittenden also deny the existence of this salt G. 0. A. van Dorp and 
J. d’Ans have investigated the equikbrium condition in the ternary system, ammo- 
mum sulphate, sulphuric acid, and water, at 30°, and found that three solid phases 
exist m eqmkbnum with soln of the components in different cone. The curve, 
BE, Fig 58, represents soln in equilibrium with the solid normal sulphate. 
(NH4) 2 S0 4 , EF, a hke curve for the solid, 3(NH4) 2 S0 4 H 2 S04, that is, (NH 4 ) 8 H(S0 4 )r : , 
triammonium hydrosulphate ; FG , for the solid hydrosulphate, (NB^HSO* ; 
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03, for ammonium trihydrosulphate, (NH 4 )H 3 (S 0 4 ) 2 ; and El, for ammonium 
hydropyrosulphate, (NH4)HS 2 0 7 . J. Kendall and M L Landon found evidence 
of (NH4) 2 S0 4 .3H 2 S0 4 , m.p. 48°, and of (NH^SC^ H 2 S0 4 , m.p 146 9°, on the f.p. 
curve of the constituents 

When distilled water is evaporated on a water-bath heated by a gas flame, the 
liquid may be contaminated with ammonium sulphate derived from the gas flame. 
Ammomum hydrosulphate was found by H E. Link to form deliquescent rhombo- 
hedral and scaly crystals which, according to J. 0. G de Marignao, 13 belong to the 
rhombic system, and have the axial ratios a , : 6 . c~0 6128 *1:0 7436 According 
to B. Gossner’s study of the mixed crystals, ammonium hydrosulphate is isotri- 
morphous with potassium hydrosulphate There are mixed crystals of the type of 
the crystals of KHS0 4j of (NH4)HS0 4 , and a monoclmic senes of mixed crystals. 
According to H. Sohifl, the granular crystalline mass has a sp. gr. 1*787 , B Gossner 
gave 1 815 J. Traube gives 62 1 for the moL vol. of the hydrosulphate m a 66 67 
per cent soln. E. J&necke gave 251° for the m.p and 490° for the b p. of the 
hydrosulphate, and 195° for the eutectic temp with the normal sulphate The 
m p. given by E Janecke is probably over 100° too high because, as indicated m 
connection with the normal sulphate , many have obtained numbers nearer 146° for 
the m.p. of the hydro sulphate — e ,g . W. Smith, R. Reik, R. E. Marohand, I. Langmuir, 
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E. W Bridgman, etc. — and J. Kendall and M. L. Landon obtained 146 9±0'5°* 
V W. Bndgman found that as in the case of potassium hydrosulphate, there are 
four modifications of the ammomum salt, and very probably yet a fifth form The 
temperature-pressure diagram is illustrated in Pig. 59 ; and some data in Table XLIII. 

Tajblb X IJTI . — Ebttrot ox Pressure on thi Transition Temperature or Ammonium 

Hydrosulphatb 


Press. 

Transition temp 

Change of vol o c par^grm 

i-n | 

r 1220 

40° 

0 01330 

, 1810 

120° 

0*01188 

I-33I | 

1860 

130° 

0*00629 

L 1860 

150° 

0*00529 

n-m | 

r 2000 

128*4° 

0 00636 

> 5000 

169*3° 

0 00669 

m-xv| 

r 5650 

177*0° 

0 00168 

t 6530 

181 0° 

0*00266 

rv-v \ 

f 6000 

187 3° 

0 00466 

[10000 

193 8° 

0*00300 
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The triple point 1-11-111 occurs at 126*2° under a press of 1860 kgrms. per s’q ; topi . ; 
and II-III-IV at 17 6 9° and 5660 bgrma. per sq czn. press. 

W Smith says that the m p. of ammonium hydrosulphate is 140°. G- Tammann 
found the lowering of soln. of 9*30, 54*81, 14:1 28 grins of the hydrosulphate in 
100 grms of water at 100°, to he respectively 18 6, 112*6, and 257 5 mm. According 
to W H Perkin, the mol. rotation of a cono soln. is 3*455. The heat of formation, 
according to M Berthelot, with sulphuric acid diluted with an equal volume of 
water, and a mol of ammonia m two litres of water is H 2 S0 4 +NH 3 := (NH^HSC^ 
+13 6 Cals ; and, according to J. Thomsen, (hnE^aq,H 2 S0 4 aq), 13*37 Cals , and 
he also found that the heat of soln of a mol of the salt in 10, 200, and 800 mols. 
of water is —0 81, —0 02, and 0 05 Cals R. Lenz found for the electrical con- 
ductivity of soln. : 

Eq per litre . . 0 260 0-126 0 0626 0 03126 0 016626 

A(NH 4 ) a S0 4 . . 22-6 26*0 27 2 29 2 312 

A(NH 4 )HS0 4 . . 66*2 73 7 79 2 87*7 98 1 

The salt has an aoid and bitter taste ; and, according to H. P. Link, dissolves 
m its own weight of cold water. C. F Gerhardt Bays the solubility of the salt in 
alcohol is very small W. Eidmann says the salt is insoluble in acetone. H 0. Dehitts 
says that when the aq. soln. is boiled very little ammonia is lost. Some of the 
reactions indicated in connection with the normal sulphate are really produced 
by the hydrosulphate because the former is converted into the latter when heated 
above 140°. H Schulze says that the hydrosulphate loses water and some sulphuric 
acid when heated in a stream of air between 250° and 300°, and ammonium pyro- 
sulphate is formed W Smith found that when heated in an atm of ammonia, 
or when ammonia is passed into the fused hydroaulphate, the gas acts as a reducing 
agent : 3tNH 4 )HS0 4 +NH3=2NH 8 +3S0 2 +6H20+N2. M. Lachaud and C. Le- 
pieire found the fused salt attacks glass, from which it dissolves the alkali ; and 
alkali sulphates are partially volatilized and partially transformed into hydro- 
sulphate when heated with ammonium hydrosulphate. M. Lachaud and 0. Lepierre 
also studied the oxidation and sulphonation of organic compound by ammonium 
hydrosulphate. A Hensms studied the precipitation of albumen from its aq. soln. 
by ammonium hydrosulphate. According to W. Smith, when ammordum sulphate 
is heated to 270°-300° J m a current of steam, ammonia gas is driven from the salt, 
and some sulphur dioxide can also be detected m the gases which are evolved. 
Nitrogen can be detected between 360° and 400°. The probable reaction is stated 
by W Smith to be: 3(NH 4 )HS0 4 ^N 2 +NH 4 HS0 8 +5H £ 0+2S0 2 

Double salts oi ammonium sulphate with the alkali sulphates. — Normal 
•ammonium sulphate exhibits a strong tendency to form double or complex salts. 
This is illustrated by the alums, NH 4 R/"(S0 4 ) 2 I 2 H 2 O, and by the salts of the type 
(NH 4 ) 2 80 4 R"S0 4 6H 2 0, where R" denotes bivalent atoms of iron, nickel, cobalt, 
manganese, zinc, cadmium, magnesium, and copper. A. Axfvedson 14 prepared 
lithium ammonium sulphate* Li(NH 4 )S0 4 , in soluble plates which furnished normal 
lithium sulphate on calcination L Troost also obtained monoclimo plates of this 
salt hy evaporating mixed soln. of the component salts According to A Scaochi, 
the axial ratios of the rhombio bipyxaimdfl are a:b: c— 1*6795 : 1 : 0 9794. <3% Wyxou- 
boff gives 1*204 for the sp gr This variety, called the a-modifLoation, is formed 
from soln at about 24°, along with a second variety called the /L modification, 
which also crystallizes m rhombic bipyramids — pseudo -hexagonal — with axial 
ratios a : b : c= 1 7303 : 1 : 1 6679, and sp. gr. 1 164 If the temp, of crystallization 
nses above 24°, the formation of the j3-crystals is favoured until, finally, this variety 
is alone obtained. Both varieties have a positive double refraction. According 
to G WyToubofi, there is yet a third unstable y-variety which is formed by rapidly 
cooling the pseudo-hexagonal crystals, and whose optical properties axe characteristic 
of monooimio crystals. The crystals of hthium ammonium, sulphate aTe not 
isomorphous with those of the potassium salt, but, according to J. W. Retgersu 
vol. n, 2 z 
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they are possibly isodimorphous According to E A. H Schreinemakers and 
D H Cocheret, "the solubility of the double salt at —10° is 35’25 per cent., and 
at 70°, 36 18 per cent 

E. A H Schreinemakers and D H Cocheret have studied the ternary system 
water, lithium, sulphate, and ammonium sulphate Four solid phases — viz 
(NH4) 2 S0 4 ; LiNH 4 S0 4 , Li 2 S0 4 , and Li 2 S0 4 H 2 0— were observed at 30° Eig 60 
lepresents the composition of soln of these three components All possible ternary 
mixtures of these components can be represented by a point m the triangle , binary 
mixtures by a point on one of the boundary lines of the triangle , and the pure 
components by a pomt on the proper apex. The line ABGDEF outs the triangle 
mto two parts The line AB represents a soln m equilibrium with the solid phase, 
monohydxated lithium sulphate, L12SO4 H 2 0 , the sector AGB represents soln. 
which separate mto this same solid phase until their composition is that repxesented 
by a pomt on the line AB. Similarly for the sector BHG, and the line BG with 
respect to the solid phase, Li 2 S0 4 , for the sector GIB and the line GB with respect 
to the solid phase, L1NH48O4 , and for the sector EJF and the line EF with respect 
to the solid phase, (NB 4 ) 2 S0 4 The pomt B represents a soln m equilibrium with 
the two solid phases, Li 2 S0 4 H 2 0 and Li 2 S0 4 , and the segment GBH , a soln which 
separates mto a soln of the composition B , and the same two solid phases The 

pomt 0 represents a soln m equili- 
brium with the two solid phases, Li 2 S0 4 
and LiNH 4 S0 4 , and the segment HCI, 
soln which separate mto one of the 
composition G and the same two solid 
phases Similarly, E represents a soln 
in equilibrium with the two sobd phases, 
LiNH 4 SO t and (NH 4 ) 2 S0 4 , and the 
segment IEJ, soln which separate into 
the same two solid phases and a soln, 
of the composition E The area to 
the left of ABCEF represents un- 
saturated soln. G. C A van Dorp 
says that the representation of the 
analytical results by an equilateral 
triangle is not sufficiently exact , and 
he found additional solid phases : 
4 , 2 . 2 * 4 , and 1.34 C Spielrem has also 



Fig 60 — Equilibrium Diagram of the Ternary 
System, H a 0 — Li 2 S0 4 — (NH 4 ) a S0 4 , at 30° 


L12SO4 , (NH 4 ) 2 S0 4 , EUSO,! , 3 * ] 
studied the conditions of equilihriuin of mixed soln of lithium and ammonium 
sulphates. 

Crystals of the double salt dihydrated sodium ammonium sulphate, 
NaNH4S0 4 2H s O, were prepared by H. E lank,* 8 A S6gum, A Riffault, etc. 
They also occur m nature as the mineral lecontite , described by W J Taylor, 
and found embedded m the black mass made up of the excrement of bats m the 
cave of Las Piedras, Comayagua (Central America) H SohifE obtained them from 
a mixed soln. of sodium sulphate and ammonium chloride, or of sodium chloride 
and ammonium sulphate The salt was also prepared by E. Mitscherlich from 
soln of the mixed components containing an excess of a mm onium sulphate, and the 
crystals are rhombic bipyramids with axial ratios a b . c=0 4859 * 1 • 0 6630 
The crystals have also been investigated by V von Lang, and by H Remsch 
H Schxff gives 1 63 for the sp gr The double refraction is negative The water 
of crystallization is lost when the crystals are confined over sulphuric acid, and, 
according to J. W Retgers, they can be obtained anhydrous by crystallization 
over 50°. H E Link says that when the crystals are heated, they decrepitate, 
swell up, give off ammonia and ammonium hydrosulphate, and leave a residue 
of sodium hydrosulphate. H Schiff found that 100 parts of water at 15° 
dissolve 46 6 parts of the hydrated salt, forming a soln of sp, gr 1 1749. 
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According to W Smith’s analyses, the hydrated salt is Na(NEL)S0 4 .3Ho0, not 
Na(NH*)S0 4 2H B 0 

C. Matignon and F Meyer have studied the ternary system, H 2 0— Na 2 S0 4 
— (NH^SO*, and record the formation of the solid phase, NaNH 4 S0 4 2H 2 0, 
which is stable m presence of its sat suln. between 20° and 42° The heat of soln. 
is 13 0 Cals at 15° , and the heat of formation in aq soln at 15° is —7 6 Cals 
H M Dawson has also investigated the system between —20° and —120°, and he 
found the double salt Na 2 S0 4 (NH^oSO^. 4H 2 0 forms at — 16° , the double salt 
is decomposed by water between —16° and 20°, forming Glauber’s salt, and between 
41 5° and 59 3° it is decomposed, forming anhydrous sodium sulphate The 
transition temp. Na 2 SO 4 .10H 2 O^Na 2 SO 4 +10H 2 O is depressed to 26 5° by the 
addition of ammonium sulphate, and at this temp the system is in equilibrium 
with three solid phases , the double salt ; and anhydrous and decahydrated sodium 
sulphate L Dubnsay studied the temp, of complete miscibility of cone, soln of 
ammonium and sodium sulphates Sodium and ammonium sulphates can be 
separated by cooling soln of the appropriate cone ; most of the Glauber’s salt 
separates out, and the ammomtun sulphate can be obtained by evaporation at 
100° The separation is not appreciably affected by moderate amounts of free 
sulphuric acid. These facts have an important bearing on the use of soln of 
nitric cake, 16 from the mtric acid works, for the absorption of ammonia in the 
manufacture of ammonium sulphate 

As indicated previously, mixtures of potassium and ammonium sulphates 
form a very complete, series of mixed crystals, and some members of the series are 
described in early literature as definite compounds Thus, H F. Link 17 and 
H Schiff obtained crystals of what was supposed to be the double salt of sp gr 
2 280, which were said to he stable in air. According to H Rose, the crystals have 
K 2 S0 4 : (NH 4 ) 2 S0 4 in the mol ratio 2:1 W J Taylor obtained yellowish-white 
crystals of the composition 5K 2 S0 4 (NH 4 ) 2 S0 4 , from the guano beds of the Chinoha 
Islands, and they were called taylonte by mineralogists According to 
L R H. P. Zoller, the composition is variable The so-called gitanovuhte , found by 
F Wibel m guano, and reported to have the composition K^Npy 2 H 3 (S 0 4 ) 0 4H 2 0, 
is also variable in composition C F. Rammelsberg regarded the alleged double 
salts as mixtures of the component salts. 


R B iTiaRErr oes • 

x D. L. G. Karsten, Mineralogische. Tabellen, Berlin, 40, 76, 1800 ; O. Popp, Liebig's Ann. 
Suppl, 8 1, 1872; F, H Storer, Amer Chemist , 7 96, 1876. C Schmidt, Liebig's Ann, 98. * 
275, 1856 , L Palmieri, Compt Lend, 64 668, 1807 ; 14 Sage, Siemens d& rniTiArcUogie docimastigue, 
Paris, 1 62, 1777 , P Spence and T, Illingworth, Chem Ind , 2 285, 1879 ; 8. D Crenshaw, 
Chem News, ~34 190, 1876; R. E Carpenter and S E. lander, Joum Soc Chem. Ind 28 577* 
1904, E Berglund, BuU Soc Chim , (2), 29 422, 1878, F. C. HiIU, But Pat No 3257, 1878! 
R W Wallace, xb , 3694, 1878 , A Earl of Dundonald, ib., 1291, 1781 , C D Midgley and 
J. EL Kyan, *6, 7460, 1837; A Coffey, ib , 7974, 1830; H E Stephens, ib , 2770, 1871, 
P S Brown, Ber , 12 306, 1879 , L Mond, Dingier' a Joum , 258 440, 1884; P. de Lachomette, 
German Pat , D It P 4740, 1889, H Fleck, Bep. anal Chem , 261, 1884; A Muntz and 
E Lain6, Compt. Rend , 142 1239, 1906 , G. T Calvert, The Manufacture of Sulphate of Ammonia, 
London, 1911 ; A Libavius, Alchymia , Francofurti, 1595 ; J R Glauber, Pharmacopoeia spagynca, 
Amstelodami, 1650 ; H Grouven, Chem. Ind , 1. 398, 1878 ; O. A de la Martelh^re, Chem 
Ztg , 5. 128, 1881 , W. Leybold, Dmgler's Joum , 267 31, 81, 125, 1888; 268 136, 172, 686, 
1888, 269 268, 1888, K Zimpell, Joum Oasbdeuch , 48 683, 1906, H. Hampel, Chem. Ztg 
43 617, 634, 1919, H Oat, Zeit angew 9 Chem., 19 609, 1906; O B Kuhn, Arch Pharm, (2), 
60 284, 1834 , J JT Berzelius, Lehrbuch der Chemte, Dresden, 2 102, 1824 , E. Mitscherlich. 
Pogg Ann , 89 198, 1836 , H Veevers, Gas World , 12 717, 1890 ; D H B, Wnde, Chem. Age, 

2 32, 1920 , F. Raaohig, Zeit. angew Chem 33 260, 1920 ; W. Feld, ib , 26. 711, 1912 , Chem. 
Trades Joum , 68 603, 1921 ; K Wishizawa, Joum. Chem Ind Tokyo, 23 25, 1920 ; O. Kausch, 
Die V orrxchtungtn zur HersteUung von A mmomumsy. If at aua Ammoniuk enihaltenden Brasdampf - 
gemischen, Weimar, 1910 

* E Mitscherhoh, Pogg. Ann , 18 168, 1830; A E. H Tutton, Joum Chem Soc , 83 1049, 
1903 , J J Bemhardi, Qefden'e Joum , 8 413, 1809 , J W Retgers, Zeit, phys Chem , 8 29 
1891 ; G. Wyrouboff, BuU Soc. Mm , 2. 91, 1879 , 8. 190, 1880 , 5, Wyrouboff and E Mallaid 



708 


INORGANIC AND THEORETICAL CHEMISTRY 


tfi , 3 5, 1880 ; A Fook, Zeit. Kryst , 28. 337, 1897 , A Ogg and F. L Hopwood, Pbl Maa 
(6), 32 518, 1019 3 ' 

8 J H Ha&scnfratz, Ann Chim Phys , (1), 28 3, 1798, L Playfair and J. P, Joule, Mem 
Ohem Soc, 2 423, 1816, Joum Chem Soc , 1 138, 1849 ; A JE. H Tutton, t b , 83 1049,' 1903 • 
H Schiff, Liebig's Ann, 107 64, 1858, H Kopp, ib , 94 267, 1866, 95 307, 1855, 98 367* 
1866, Pogg Ann , 72 1,176,223,1847; C. Bergmann, Pogg Ann,%\ 485,1851; O Pettersson! 
Nova Acta Upsala, (3), 9 4, 1874 ; Bet , 9 1569, 1876 ; H G, F Schroder, tb , 11 2211, 1878 • 
Joum prakt Ohem, (2), 22 437, 1880; P A Fa vie and C A Valson, Compt Pend 76 800* 
1872, 77 803, 1873; F W. Clarke, Ber , 12 1398, 1879, W. Spimg, tb , 15 1254, 1882* 16 
2723, 1883 , Butt Acad Belgique , (3), 6 607, 1883 , J H Long, Wied Ann , 9 613, 1880 • 
H Buignet, Joum Pharm. Glum (3), 40 161, 337, 1860 , J Johnston and L. H Adams, Joum. 
Amer Chem Soc , 34 562, 1912 

4 A. Michel and L Krafft, Ann Chim. Phys , (3), 41 471, 1854; A E H Tutton, Joum. 
Ohem Soc , 88 1049, 1903 ; H Schiff, Liebig's Ann , 108 338, 1858 , 110. 74, 1869 , S de Bannov' 
Zet* phys Ohem , 18 462, 1896, M Rogow, tb , 11 667, 1893; R Abegg, ib„ 11 248, 1893* 
D Dijkan, ib , 24 81, 1897, A Kamtz, ib , 22. 336, 1897; W. Lerclie, tb , 17 630, 1896; 
H Gilbault, tb , 24 385, 1897 ; J. A Groshans, Pec Ttav Chim Pays-Bas , 4 1, 1886 
P. A Favre and C A Valson, Gompt Pend , 75. 801, 1872 , 77 803, 1873 , 0. A Valson, tb ” 
73 441, 1873, F Koblrausch, Wted Ann , 6 1, 146, 1879; J. Traube, Ben , 25 2532, 1892; 
W Ostwald, Joum prakt . Ohem , (2), 18 363, 1878 , Lelvrbuch det Allgememen Ghemtc, 1. 788* 
1903 , P A Favre, Comp Pend , 77 104, 1873 ; P. A. Favre and 0 A Valson, ib , 73 1147^ 
1871 , 0 Pulvennaoher, Zett. anotg Chem , 113 142, 1920 

8 W Spring, Butt. Acad L Belgique, (3), 6. 607, 1883 , Ber , 16 2723, 1883 ; W C. Rontgen and 
J Schneider, Wted Ann , 29 166, 1886; J. H Long, tb , 9 030, 1880; C A Valson, Ann, 
Chim Phys ., (4), 20 361, 1870, Compt Pend, 70 1040, 1870, H Sentis, tb , 118 1132, 1894; 
T. Giaham, Phil. Ttans , 140. 806, 1850, 141 483, 1861 , 151 183, 1861 , Phil. Mag, (4), 
23 204, 290, 368, 1862 , (4), 26. 433, 1864 , A Kamtz, Zett phys Chem , 22 336, 1897 , H. Galbault, 
ib , 24. 385, 1897 ; G Tammann, tb , 17 630, 1896 ; R Abogg, ib , 11 248, 1893 ; 0. Forch, 
Wied Ann, 17 374, 1882, O. Pulvennaoher, Zeit anorg Chem, 113 142, 1920, P. G. Tait, 
Ptoc Roy Soc Edm , 90 63, 141, 1896 

4 R. F. Marohand, Pogg Ann , 42. 666, 1837 ; R, Reik, Monatsh , 23 1033, 1902 ; H. Lescoaur, 
Ann Chtm. Phys , (7), 4 215, 1895; S M. Johnston, Trans Poy Soc Edtn., 46 i, 193, 1906; 
G. T Gerlaoh, Zett anal Chem , 26 413, 1887 ; F. Guthrie, Phil May , (4), 49 210, 1875 , 
G. Tammann, Wted Ann, 24. 623, 1886; Zett phys Chem, 18 638, 1895, Phil Mag, 

(5) , 1 364, 1870 ,LOdfl Coppot, ib , 22. 239, 1897 ; Ann Chtm Phys , (4), 26 618, 1872 ; 
F M Raoult, Compt. Pend , 87 167, 1879 ; 98 610, 1884 ; Zett. phys. Chem , 2 489, 1888 ; 
A de Lannoy, tb , 18 462, 1895 ; W, Kistiakow&ky, ib , 6 119, 1890 , F. Rudorff, Pogg Ann., 
145 597, 1872 , Ber , 2 68, 1869 ; J Thomsen, ib , 142 337, 1871 ; A Winkelmaun, ib , 149 1, 
1873 , H Schulze, tb , 17, 2708, 1884 ; S. W Johnson andR H Chittenden, Amer . Joum Science, 
(3), 15 131, 1S78 ; H C. Jones and E. Maokay, Amer Chem Joum., 9 116, 1897; H C JoneB 
and C G Carroll, tb , 20. 284, 1902 ; W. Smith, Joum Soc Chem. Ind , 14 629, 1896 , 15 3, 
1896 , P SohweitzeT, Amer Chemist, 7. 42, 1876 ; C Matignon and F. Meyer, Compt Pend , 165. 
787, 1917 ; E Janecke, Zett angew. Chem ;83 278, 1920 , C Caspar, Ber , 53 821, 1920 ; G Bartha, 
Ueber die Siedepunkte derAlkalvmetaUe und Alkalthalogemde tm Vacuum des KathodenhcTUs, Heidel- 
berg, 1912 , J Kendall and A W. Davidson, Joum Ind Eng. Ohem., 18. 303, 1921 , J, Kendall 
andM L Landon, Joum Amer. Chem Soc, 42 2131, 1920 

7 M Berthelot, Ann Bur. Longitudes, 395, 1877 ; Ann Chtm Phys , (4), 29. 440, 1873 ; 

(6) , 4 100, 1876 , Compt Rend., 73 745, 867, 1050, 1871 , 77 27, 1873 ; P. A Favre, xb , 73 720, 
1871 ; 77 104, 1873 ; 74 1025, 1872 ; P. A Favre and C. A Valson, ib , 73 1147, 1871 , 77. 
803, 907, 971, 1873 , P. Chroustschoff, ib., 95. 221, 1882 , J Thomsen, Joum . prakt Chem, (2), 
17 167, 1878, (2), 21. 449, 1880, Ber, 6 711, 1332, 1873; Thermochemische XJntersuchungen , 
Leipzig, 3 88, 189, 1884 ; 0 M. van Deventer and J. H van de Stadt, Zett. phys Chem , 9 64, 
1892 

8 M. Erofejeff, Stfzber Akad Berlin , 643, 1867; A E H Tutton, Joum. Chem. Soc , 83. 
1049, 1903 , J H. Gladstone, tb , 69 695, 1891 ; W. H. Perk m, tb , 55 680, 1889 ; E. Doumer, 
Comp Pend, 110 41, 1890; C A Valson, tb., 76. 224, 1873, Gazz Chtm Ilal , 8 134, 1873; 
D Dijken, Zett phys Chem , 24 81, 1897 ; O. Pulvermaoher, Zeit anorg Chem , 118 141, 1920. 

• W. Hisinger and J. J. Berzelius, Ann. Chtm. Phys., 51 167, 1804; E Bourgom, Bull 
Soc Chim , (2), 11 39, 1869 ; (2), 12. 439, 1869 ; S. Arrhenius, Zett phys Chem , 1 636, 1887 ; 
9. 487, 1892 ; Pecherches sur la condu&ibiltti. galvanique des Electrolytes, Stockholm, 1884 » F Kohl- 
rauseh, Wted Ann., 6. 1, 145, 1879 ; E. Klem, ib , 27 151, 1886 , R Lenz, Mem. Acad St. 
Petersburg , (6), 26 3, 1878 ; J. H Long, Ann Physilr, (4), 9. 613, 1880 ; Phil. Mag , (5), 9 313, 
413, 1880; H. G Jones and E. Maokay, Amer. Chem Joum , 19 115, 1897 ; M. le Blano, Zeit. 
phys. Chem , 8 209, 1891 , A Naumann and A Rucker, Joum , prakt Chem., (2), 74. 249, 1905 ; 
H C. Debbits, Ber , 5 820, 1872; Pogg Ann Erg., 7 462, 1876, A R Leeds, Amer , Joum. 
Science, (3) 7. 197, 1874, Chem News, 29. 266, 1874, S. M Johnston, Trans. Poy. Soc Edtn, 
45 193, 1906 ; G. Boizaid, Compt. Pend., 142 1082, 1906 , H Koppo, Zett phys Chem., 16. 
261, 1896; C Bruck, Hydrolyse von Aminonxums alzen in stedender wassuger Losung, Giessen, 
1903. 

10 A. Vogel, Pepert. Pharm , 10. 9, 1861 ; G. J, Mulder, Bydragen tot de geechtedents van het 



THE ALKALI METALS 


709 


scheihundig gebonden water, Rotterdam, 1864; Zeit phys Chem, 9 64, 1892; C. M van Deventer 
and H J van do Stadt, ib , 9 64, 1892 , M AQiiard, Compt Rend ,69. 600, 1864 ; A. E. H. Tutton, 
Joum Chem Soc, 83 1049, 1903, F Rudorff, Ber , 6 484, 1873; Pogg Ann , 146. 610, 1872; 
L 0 de Coppet, Ann Chvm Phys.,( 4), 25 636,1872, Zeit. phys Chem, 22 239,1897; F. Gutbne, 
Pktl Mag.,{5), 1 364,1876, A Fock, Zeit Kryat , 28 376, 1897, K. von Hauer, Sitzber. AJcad. 
Wien , 63 221, 1866, H Giraud, Bull Soc Chtrn , (2), 43 652, 1886; E F. Anthon, Joum. 
pralct Chem , (1), 44 125, 1838 ; J. J Pohl, tb , (1), 66 219, 1862 ; J Traub© and O Neuberg, 
Zeit phys Ckem , 1. 509, 1887 ; G Bodlander, tb , 7. 318, 1891 ; F. A. H Schreinemakers, tb., 
28 667, 1897 ; 0 A. L de Bruyn, tb , 32 68, 1900 ; W. Kidmann, Bin Beitrag zur Erhenntms dee 
Verhaliens chemischer Verbtndungen in mchtwassngen Losungen, Giessen, 1899 ; C. E Linebarger, 
Amer Chem Joum , 14. 380, 1892 , R. Willsthtter, Ber., 86 1828, 1903 ; G. O. A. van Dorp, 
Zeit phys Chem , 73 284, 1910 , J T. Sheard, Gas World , 72. 642, 1920. 

i 1 Q Lunge and W Aberuus, Zeit. angew Chem , 8. 608, 1894 , A A Hayes, Amer Joum. 
Science, (2), 6. 113, 1848 , D Toinmasi, Chem. News, 48. 241, 1881 ; K. Stammer, Pogg. Ann , 
82 140, 1851 ; H Rose, ib , 38 122, 1830 ; W. Spring, Ber , 7 1167, 1874; H Schulze, tb , 17. 
2707, 1884; R Weber, tb , 17 2601, 1884; W. R. E Hodgkinson and N. E. Bellairs, Proa 
Chem Soc , 11 114, 1896, W Smith, Joum Sos. Chem Ind , 14 529, 1896; E R. Montz, 
tb , 9 443, 1890 ; E. Soubeiran, Ann Chtrn Phys , 67. 71, 1838 ; R J Kane, Phil. Mag , (3), 8. 
363,1836; J W Thomas, Joum. Chem Soo , 88. 72, 1878; M. Berthelot, Covn.pt Rend , 78 746, 
1871 ; M Del^pme, ib , 141 886, 1905 , 142 1526, 1906 ; Bull. Soc Chim., (3), 35 796, 1906 ; 
A Emmerling, Landw Ver. Slat , 82. 440, 1886 ; R. F Marohand, Pogg. Ann., 42 656, 1837 ; 
A Hensius, Pfluger's Arohtv , 84 330, 1884 ; E Kander, Arch eccp. Path., 20. 411, 1886 ; 
A R Prescott, Chem News, 36 178, 1877. 

13 M Berthelot, Compt. Rend , 75 208, 1872 ; H Lescceur, Ann. Ohim Phys , (7), 4. 216, 
1895; R Baoh, Zeit phys. Chem, 9. 247, 1892; H Schtff, Liebig's Ann, 107 83, 1868, 
E Mitsoherlich, Pogg Ann , 39. 198, 1836 ; J 0 G. de Mangnac, Ann Mines, (6), 12 38, 1867 , 
G L Ulex, Joum Gaabeleucht , 18 537, 1870; E Pnvoznik, Dingier' a Jcnurn , 218. 223, 1874, 
S W Johnson and R H Chittenden, Amer. Joum Science, (3), 15 131, 1878 ; G. 0. A van Dorp, 
Zett phys . Chem , 78 284, 1910 , 86 109, 1914 , Zett anorg Chem , 80 235, 1913 ; J. Kendall 
and M L. Landon, Joum Amer. Chem Soc., 42 2131, 1920; E Janeoke, Zeit angew. Chem., 
33 278, 1920 

18 J. C G. de Mangnao, Ann Mines, (6), 12 47, 1867 ; B. Gossner, Zeit Kry&t., 89 381, 
1904; H F Lank, Orell's Ann , 1. 26, 1796; EC SehifF, Liebig's Ann , 107 83, 1868; M Berthelot 
Ann Bur Longitudes, 396, 1877; J Thomsen, Joum pralct Chem., (2), 21 449, 1880; Thermo - 
chcmi8che TJntereuchungen, Leipzig, 8 96, 1883 ; R. Lenz, Mem. Acad St Petersburg , (6), 26. 
3, 1878 ; G. Tammann, tb , (7), 85 1, 1887 ; W. EC Perkin, Joum. Chem. Soc., 55 680, 1889 ; 
J. Traubo, Zett anorg. Chem., 8. 20, 1893 ; C. P Gerhardt, Ann. Chun. Phys , (3), 20. 266, 1847 ; 
W. Eidmarm, Beitrag zur Brkenntnis des Verhaltens chemischer Verbtndungen in nichtwassrtgen 
Losungen, Geissen, 1899 ; W. Smith, Joum Soc. Chem. Ind., 14. 629, 1896 ; 15. 3, 1896 ; 
H Sohulze, Ber , 17 2708, 1884 ; PC C Debitts, ib , 6. 820, 1872 ; M. Lachaud and C Lepierre, 
Bull Soc. CMm, (3), 7. 603, 649, 3 892; P W. Bridgman, Proc Amer Acad, 52 89, 1916, 
A Henmus, Pfluger's Atchtv., 34. 330, 1884; E Kander, Arch exp. Path., 20. 411, 1886; 
G 0. A van Dorp, Zeit. phys Chem., 78. 284, 1910 , E Janeoke, Zett angew Chem., 88. 278, 
1920 ; L Langmuir, Joum. Amer Chem. Soc., 42. 282, 1920 ; J. Kendall and M L Landon, 
ib , 42. 2131, 1020 ; R. Reik, Monatsh . , 23. 1033, 1902 , R. F. Marohand, Pogg. Ann., 42. 
656, 1837. 

14 A Arfvedson, Schwexgger's Joum., 22. 98, 1818 ; 84. 214, 1822 ; L Troost, Ann. Chim. 

Phys, (8), 61 103, 1866; Compt. Rend, 54 866, 1862; F. A. IT Schrememakers and 

D H. Cocheret, Chem. Wcelcbl., 2. 771, 1905 ; Zeit phys Chem., 59 644, 1907 ; G. WyroubofF, 
Bull. Soc Mtn , 3. 198, 1880; 5 36, 1882 ; 18. 216, 1890; J W Retgers, Zeit. phys. Chem, 8. 
60, 1891 ; G C. A van Dorp, ib , 86 109, 1914 ; A. Soaoohi, Aiti Accad Napoli, 8. 31, 1867 , 
J Traube, Neues Jahrb Mxn , 11, 58, 1892 ; i, 174, 1894 ; 0. Spielrem, Mquilibri du sulfate de 
lithium avec lea sulfates alcaltns en presence de leurs solutions miztes. Pans, 1913 

16 H. F. lank, CreWs Ann., 1 30, 1798, A S6ginn, Ann Chtrn Phys., (1), 91 219, 1814, 
A. Rdfault, ib., (2), 20 432, 1822, E Mitscherlioh, Pogg Ann, 58 469, 1843; BC Sohiff, 
Liebig's Ann ,114 68, 1806 ; W Smith, Joum . Soc Chem Ind , 15 3, 1896 , V von Lang, Sitzber 
Ahad. Wien, 46 108, 1802 ; J. W Retgers, Zeit. phys. Chem , 8. 00, 1891 , H M. Dawson, 
Journ Chem Soc, 118. 676, 1918; H Reins ch, Zeit Kryat , 9. 561, 1884; W J Taylor, Amer 
Joum Science, (2), 26 273, 1868; O Matignon and F. Meyer, Compt Rend., 165. 786, 1917; 
166 115, 686, 1918 , L. Dubnsay, ib , 170 1582, 1920 

18 Jx Johnston, Joum Ind. Eng. Chem , 10 468, 1018 

17 H F. Link, CrelPs Ann., 1 29, 1896 ; H. Sohjjf, Liebig's Ann , 107 83, 1868 ; F Wibel, 
Ber , 7 382, 1874 , W. J Taylor, Amer Joum. Science , (2), 29 372, 1860 ; Proc Acad Science, 
Philadelphia, 309, 1859 ; H Rose, Pogg Ann., 117 627, 1862 ; L R H. P Zoller, Anz Ahad. 
Wien, 153, 1874, C F Rarrunelsberg, Handbuch der kiystallographtsch-phystkaltschen C hemic, 
Leipzig, 1881. 



710 


INORGANIC AND THEORETICAL CHEMISTRY 


§ 2S. The Occurrence and Preparation of the Alkali Carbonates 

Sodium carbonate is fairly widely dispersed m nature, for it occurs associated 
with. other salts in many mineral waters — e g Aix-la-Chapelle, Carlsbad, Vichy, 
etc. — m natron lakes — e q those of the St Macarius desert, Egypt ; Magadi, British 
East Africa ; near Szegedm (Hungary) , Central Africa , the Araxes plain m 
Armenia ; in the plains of Nevada and South California , Mexico ; Venezuela 
(South America) , Persia , Tartary ; Mongolia ; and China — and as dry deposits, 
efflorescences, or crusts on the ground as ahum,, natron^ trona , or urao m the neigh- 
bourhood of the natron lakes and in other places — e g. nearly every district in 
India ; the alkali deserts of Tibet ; Utah , and near Lake Texcoco (Mexico). 
H. Ritthausen, 1 F Kuhlmann, and A Vogel found efflorescences which were highly 
charged with decahydrated sodium carbonate on the walls of certain buildings 
The oldest known deposits of natural soda are those m lower Egypt. They have 
been described by J. P J d’Arcet-X Landerer, J Russegger, and E Sickenberger 
There are nine shallow lakes in ti#Nile valley near Memphis. The waters of some 
are coloured red A Payen ascribes the coloration to the presence of small 
Crustacea. The smaller lakes dry up in summer, and the larger lakes leave crusts 
of salt mixed with clay mud The crusts are collected, dried, and sold as latroni , 
in the Levant and Greece It is used m Crete fox soap-making E. Sickenberger 
says there are 16 lakes in the soda valley — Wady Atrun. Some of these furnish 
good soda — 60 per cent Na 2 C0 s and upwards — which is called trona, natron, or 
atrun T M Chatard has shown that it is a mixture of urao with other salts 
0. Popp and T Remy have analyzed the salt. There are islands of solid trona m 
the natron lakes m the oases of Eezzan in the Sahara. M H Klaproth, and 
J. Jo fire, have published analyses of this product. The deposit of natural soda at 
Lake Magadi in the British East African Protectorate covers 30 sq miles ; and 
amounts to 200 million tons A G Salamon’s analysis is 

IT&gCOg JT^nCOj U"aCl SiOj AlgOg-J-FejOj Wat&r 

43 56 40 41 0 36 0 07 0 04 16 57 

The Hungarian soda has been known from the time of the Roman dominion as 
& product of the efflorescence of the soil The crude soda or szekso is collected by 
scraping, and sold to the refiners, who lmviate it with water ; evaporate the soln. 
to dryness ; and fuse the mass. When cold, the product is broken up and marketed 
It ib used locally at Szegedin in the manufacture of soap J Moser has published 
an analysis of the xaw material, and S Schapimger, two analyses of the Hungarian 
soda. The former’s analysis is • 

Ma a O E a O CaO A1 S 0 3 and FegO, B0 S SiO a H 2 0 OO a 

8 03 3 12 2*72 2 33 3 48 1*04 15 60 8 79 

with a trace of magnesia, and 54 99 per cent of matters insoluble m nitric acid* 
E Kayser, A Werner, and J Szabo have also reported on the Hungarian deposits 
H. Abich has investigated the natron lakes of Armenia. The crusts which 
form about these lakes have from 16 to 23 per cent, of sodium carbonate ; 16 to 80 
per cent, of sodium sulphate ; 2 to 51 per cent, of sodium chloride ; and up to 
about 10 per cent, of water. The mud of Lake Looner (Nizzam, India) dries in 
summer, and contains a white salt used fox washing and soap-making. Wallace’s 
analyses make the soluble portion \74 65 per cent ) : 

Na a GO 0 Excess OO a K % C0 3 NaOl Mg01 t Al^O and 0n 3 <P0 4 ) 

65 26 7 35 0 27 0 60 0 67 0 50 

with a trace of calcium sulphate. According to D Hooper, saline soils known as 
dholnes' earth occur in numerous places in India, and it has been used for washing, 
dyemg, glass and soap-making from very early times The salt is sold in bazaars 
as sajji-mati, and it often contains more sulphate and chloride than carbonate. 
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R Haines Las analyzed the alkaline deposit — called duJca, hmJca, or kara — found 
near Aden m Arabia , it contains 51 05 per cent Na 2 C0 3 ; 24*94 NaCI , traces of 
magnesium chloride and sodium sulphate , 19 66 water and organic matter; and 
4*35 of sand. It is used for adding strength to snuft, and for washing 

P. Faxar says that the salt uiao crystallizes on the bottom of the lake in the 
valley La Lagumlla m Venezuela, and that it is collected by the natives every two 
years, and used m the manufacture of mo — a dried extract of tobacco used by the 
natives as a stimulant J B J 1) Boussmgault says this urao “ crystallizes in 
prismatic needles arranged in radiating masses , it is a little softer than calcite ; 
the taste is alkaline , and it does not effloresce ” His analysis is C0 2 , 39 00 per 
cent , Na 2 0, 41 22 , H 2 0, 18 80 , and impurities 0 9« per cent He thus reports 
on the peculiar way m which the natives obt am the salt 

To collect the urao, the Indiana make an excavation on the bottom of the lake, several 
metres to extent, and plant thereon a stake 14 to 16 teet long, the upper end ot which reaches 
above the surface of the water When this is accomplished an Indian resting upon this 
stake, places the end of a second one anon the deuosit and holds it at a certain inclination 
As soon as this is done, a second Indian glides down the inclined vtake, plunges beneath 
the surtac© ot the water and after a lapse ot a tew minutes returns with a poi tion ot the salt 

H F Keller has described some of the lakes in the valley of Mexico whit h Iea* 7 P a 
crust — called tequrzquUe covfitello^ tepalcate, and millet — consisting of sodium 

carLonate with sodium chloride, a little nitr te g\ { sum, sand and earth \ ru.u ter. 
The product is punhed by crystallization to (urmsli &oda crystals — called sow hmta . 
In the south of Tezcaro, the country people use tequ«*z irnt.e directly without any 
purification P Bcnard washed out the sodium chloride with a dil aoln of the 
same salt at - 18° to —20°, for at this temj> sodium carbonate is virtually 
insoluble m a sat soln of sodium chloride 

The deposits ol alkali carbonates in the Tinted States have been described by 
T M Chatard m a memoir Natural Sfda : its occunenoe and utilization 
(Washington, 1890) Deposits of alkaline carbonates from alkaline lakes are very 
common m the Lahontan basm of Nevada and southern California r ] hey form 
jplay as or play a lalce s which are dry m summer, and Hooded to the depth of a few 
inches in the wet season The deposits m Wyoming are said to be typical sulphate 
deposits resembling those of Armenia ; and although they contain more or less 
carbonate, it is not possible to extract the carbui ate economically by natural 
crystallization The two soda lakes at Ragtown, Nevada, have been described by 
F P King and by I C Russell, and they have been worked for commercial purposes. 
The deposits have 44 to 52 per cent of sodium carbonate ; 25 to 34 per cent, of 
sodium bicarbonate , 1 to 5 per cent of sodium sulphate ; 16 3 per cent of sodium 
chloride , 14-16 per cent, of water ; and 0 2 to 3 per cent, of silica or 

insoluble matters Crystals of gaylussacite, CaC0 3 Na 2 C 03 . 5 H 2 0 , are also found 
in the deposits, although no appreciable amount of calcium appears in the water. 
This is taken to show that the minute quantities of calcium, which enter the lakes 
from spring water or otherwise, are immediately removed as gaylussacite. The 
waters of Mono Lake (California) and of Albert Lake (Oregon) also have a future 
prospective for profitable working if proper facilities for transport were available. 
The analysis of the dry residue from the lake water is indicated in Table XLIV. 
I. C Russell’s analyses of the soluble matters in the waters of Soap Lake (Douglas 
County, Washington State) and of Owens Lake (Inyo County, California) are 
included m Table XLIV. 

The water of Owens Lake is similar to that of the Albert and Mono Lakes, 
and it is one of the largest, and most important, sources of natural soda. It is 
estimated that the lake contains from 20 to 40 million tons of sodium carbonate 
which is easily obtained of a high degree of purity by solar evaporation in shallow 
pans. The first crop of crystals was shown by T. M Chatard to be largely the salt 
called urao, Na 2 C0 3 NaHC0 8 .2H 2 0 ; the next product m a great part consists of 
sulphates and chlorides ; the mother liquid requires artificial heat for further 
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evaporation . it is rich m carbonate, and contains the major portion of the potash 
and bone acid The manufacture of sodium carbonate on a commercial scale 
from these waters was begun towards the beginning of 1886 The American 
market, at least, may be supplied with sodium carbonate from these sources in the 
near future S Poutet, and A Werner have studied the purification of natural 
soda by recrystaUi nation from aq. soln 

Table XLIV — Analyses or Dby Residues in Saline Lakes. 



Mono Lake 

Albert Lake. 

Soap Lake 

Owens Lake, 

Dry residue 

• 

• 

. 

5 35 

3 19 

2 82 

7*70 

SiO a 

* 



mum 

0 50 

0*40 

0 28 

AIjOj > ■FsjOa 

« 




— 

— 

0 05 

CaCO s . 

MgC0 8 




■H 



0 14 

} 0 08 

Na*B 4 0 7 

• 

• 



— 

— 

0*63 

KC1 . 

• 

• 


3*44 

2 62 

— ■ 

4 07 

Nad . 

• 

• 


34*60 

54 58 

20 61 

38 16 

Na t S0 4 

« 



18*45 

2 68 1 

22 89 

14 38 

Na 3 C0 3 




34 33 


39 82 

34 95 

NaHCO a 




8*20 

12*44 

16 14 

7 40 


The origin of natural soda. — Closed waters must represent a cone. soln. of the 
water from inflowing streams. Consequently, if a lake contains a given salt, the saline 
matters must have been brought as such into the basin, or be the result of chemical 
reactions with other constituents of the lake water. Further, if a salt has been 
earned into a lake, it must have been leached from the rocks or soils of the region, 
no matter whether the waters were derived from deep-seated springs or from surface 
drainage. The origin of the sodium carbonate has been explained by three hypo- 
theses (1) Percolating water, charged with atm or volcanic carbon dioxide, has 
extracted soluble matters from the volcanic rocks, and these have accumulated 
mainly in the waters of the basin According to T. M Chataid, the predominance 
of sodium salts over potassium salts in "natural waters arises partly from the soda 
rocks being more easily decomposable than potassium rocks, and partly from the 
fact that on filtration through the soil, potassium salts are retamed by the soil to 
a greater extent than sodium salts. (2) The reduction of alkali sulphates — e.g 
E. Sickenherger 2 found algae in the waters of certain natron lakes m Egypt, and 
noted the evolution of hydrogen sulphide and the deposition of iron sulphide ; 
hence, he suggests that the carbonates were formed by the reduction of sulphates 
by organic matter, and the subsequent absorption of carbon dioxide from the air. 
G. Schweinfurth and L. Lewm say that such a process can account for but a small 
part of the alkali* carbonates H Abich ascribed the formation of the alkali aoils 
in Armenia to the action of vegetation on the sodium chloride of the soil, which, 
during the decomposition of the vegetable matter, causes the carbonate to pass 
into the soil (3) Double decomposition between calcium bicarbonate and sodium 
sulphate whereby gypsum is deposited, and sodium bicarbonate or carbonate 
remains in soln. T. S Hunt suggested this hypothesis in 1859, and E. von Kvassay 
used it to explain the formation of the Hungarian deposits when sodium chloride 
is substituted for the sulphate. C. L. Berthollet, in 1799, and G Schweinfurth 
and L Lewm, in 1898, used the hypothesis to explain the origin of sodium carbonate 
in the Egyptian natron lakes Both E W. HUgard and S Tanatar have shown 
that sodium chloride and sulphate can each react in soln. with calcium bicarbonate 
to form sodium carbonate. S Cloez suggests that magnesium, bicarbonate is the 
principal agent m the formation of native sodium carbonate from sodium chloride, 
hut he offers no suggestion as to what becomes of the magnesium chloride. 
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Efflorescences or crusts are formed either "by the partial or complete drying up of 
the lakes or ponds during summer, or else by the surface evaporation of subsoil 
moisture carried to the surface by capillary action 

The soda in plant ashes. — Most plants contain the two alkalies — potassium 
and sodium carbonates — and the former is the dominant constituent in the ashes 
of most plants, but there are certain species in which sodium carbonate prevails 
These plants are found near salt springs, Balt steppes, and especially near the sea- 
shore Up to the beginning of the nineteenth century, the soda of commerce was 
made from the ashes of sea plants and from trona The ashes of seaweeds, remark- 
ably enough, contain very little alkali carbonate, and the potash usually predomi- 
nates The potash m the ashes of seaweeds ranges from 4 to 24 per cent, and the 
soda from 2 to 24 per cent It is probable that the soda plants in the vicinity of 
the sea convert sodmm chloride into sodium oxalate, tartrate, etc , which, on being 
incinerated, yield the carbonate The more important soda plants are the atriplex 
portulacoides, tragus, and kali , many species of the chenopodium , salsola soda, 
kali, tragus, axenaria, clavifolia, vermiculata, and branchiata ; sahcomia annua, 
arenana, and euiopcea , cochia sedoides , static© limomum , tnglochm mantimum , 
several fidoidese — reaumena, tetragonia, mtraria, and mesembryanthemum. 
According to T. Eichardson and W. Watts, 3 the ashes of the following plants gave 
the percentage yield of sodium carbonate : 


Salsola 

Salsola 

Halm to cl curium 

Salsola 

Kochia 

Salsola 

clavifolia. 

soda 

capsicum. 

kali 

sedoides 

brachiata 

45 99 

40 95 

36 75 

34*00 

30 84 

26 26 


The dried plants were incinerated in pits or m special furnaces. The product 
made m pits varied in colour and texture with the treatment, and some varieties 
made in the same place and apparently in the same way received special names — 
thus, soude douce was a well-fluxed ash-like mass with 20 to 25 per cent of sodium 
carbonate , soude mSlangSe, a dark-coloured honey-combed mass with a sharp 
fracture : and soude bourde, a low quality mixed with particles of coke, and contained 
much common salt and earthy matters. The Spanish soda enjoyed the best repu- 
tation, and its special name barilla has been genetically used for soda made from 
plants. Two derivations have been suggested for the word banlla — also spelt 
barnlla In one, the term is supposed to be a corruption of the Spanish baml — 
cask or barrel , and m the other, the term is derived from the Spanish barnlla or 
vanilla applied to the plants which are grown for making barilla Vegetable soda 
or banlla is the more or less fluxed ash from incinerated plant, which has not been 
purified by lixiviation, and which contains all the inorganic constituents of the 
plants. J. P. L Girardin has analyzed a number of varieties of barilla. In these 
analyses there was up to about 3 per cent of insoluble matter, and the soluble matter 
included the two alkali carbonates, sulphates, and chlondes with a small proportion 
of sulphide and thiosulphate. Alicante soda , Qaitagena soda , and Malaga soda 
were trade names for varieties of Spanish soda , salicor or soude de Narbonne was 
made from the salicomia annua, and it has 14 or 15 per cent, of sodium carbonate % 
blanquette or soude d'Argues-mortes was obtained from varieties of the atriplex — 
portulacoides, tragus, or kah-salicomia euxopcea, and the static© lemonium — and 
had 4 to 10 per cent, of sodium carbonate. The soda from Teneriffe was derived 
from the mesembryanthemum crystallium, and had about 20 per cent of sodium 
carbonate. Some low-grade soda was also made from varec in the North of Prance 
— sel de varec — and from Scotch and Irish, kelp 

The preparation oi sodium and potassium carbonates. — According to 
N. N. Beketoff, 4 sodium oxide, Na 2 0, is not attacked by carbon dioxide at ordinary 
temp , but at 400° the two substances unite suddenly and vigorously with incan- 
descence. Carbon dioxide transforms the moist oxide or hydroxide into carbonate 
The low solubility of sodium hydrocarbonate enables it to be prepared in a very fair 
degree of purity, and at is quantitatively converted into equally pure carbonate by 
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ignition in a weighed platinum crucible at a dull red heat for 10-15 mm. The salt 
should not be allowed to fuse It is oooled in a desiccator and weighed ; 84 grins 
of hydrocarbonate should give 53 grins, of the normal salt To ensure that decom- 
position, 2NaHCO s =Na 2 GO s +H 2 O+0O 2 , is complete, the crucible is agam heated 
another 10 mm and agam weighed According to H Kunz-Krause and R. Richter, 5 
the change occurs at 250° if the mass in the crucible be stirred with a platinum 
wire so that all portions are brought mto contact with air According to P Melikofi 
and M. Rozenblatfc, when ammomum carbonate is added gradually to fused sodium 
or potassium chloride in a platinum crucible, sodium or potassium carbonate is 
formed m amount depending on the quantity of ammomum carbonate added 
The reaction : 2NaCl+(NH 4 ) 2 C0g^Na2C08+2NH4C], is reversible If ammomum 
carbonate and chloride are added together to the fused sodium chloride, no sodium 
carbonate is formed If sodium or potassium sulphate be similarly treated, the 
corresponding carbonate is not formed 

The preparation of sodium carbonate from impure natural soda, and from the 
ashes of soda plants, has been already described Methods have also been suggested 
for transforming various sodium salts — sulphate, chloride, fiuonde, cryolite, nitrate, 
and felspar — mto the carbonate Many of these are discussed m detail by R von 
Wagner's Regesten der Sodafabnk (Leipzig, 1866) , and by G Lunge’s A Theoretical 
and Practical Treatise on the Manufacture of Sulphuric Acid and Alkah (London, 
1896) Much of what is said of the sodium salts applies also to the potassium 
salts, and conversely 

The preparation of potassium car bonate from potassium salts of the organic acids, 
— The preparation of potassium salts from kelp ashes, wood ashes, vmasse, suint, 
alummo-silicate minerals — eg, felspars, zeolites, prophyries, syenites, trachytes, 
etc — has been described It was formerly the custom to prepare a purer form of 
potassium carbonate by the ignition of cream of tartar potassium hydrogen tartrate 
This salt was heated m a covered iron crucible, and the mixture of carbon and 
potassium carbonate was imviated with water, and the soln evaporated m a silver 
basin. Thj product was hence called salt of tartar , or sal tartan , or kali carbonicum 
e tartaro . According to H W E. Waokenroder,® the product contains traces of 
chlorides, calcium and magnesium salts, and potassium cyanide if crude cream of 
tartar he used, and, according to A. Yogel, potassium phosphate Hence, it has 
been recommended to purify the cream of tartar by digesting it for an hour with 
its own weight of water and -^th of hydrochloric acid , the undissolved cream of 
tartar is washed until free from calcium Balts If a clay crucible be used for the 
incineration, the product will contain some silica , but H. W F. Wackenroder says 
this can be avoided by lining the crucible with a mixture of starch and gum. 
J 8. Stas purified the cream of tartar used m his work on at wt by digesting it 
with 5 per cent hydrochloric acid, washing and drying m order to make the silica 
insoluble Then he recrystallized the cream of tartar, and incinerated the product in 
a silver crucible to get potassium carbonate. G. 0. Wittstem, A Gatty, R von 
Wagner, N. Grager, and N. Bloch have discussed the purification of cream of tartar 
fox use in this process of ma kin g potassium carbonate Potassium carbonate has 
been prepared by calcining potassium acetate, CH S COOK , and U. Dufios used 
potassium acid oxalate Carbon dioxide has also been passed mto an alcoholic 
soln of potassium acetate. This furnishes a mix ture of potassium carbonate and 
bicarbonate which can be afterwards calcined for the carbonate. 

The preparation of sodium carbonate from sodvum fiuonde. — M. Kraut z treated 
a soln of sodium fiuonde with gelatinous silica and carbon dioxide when, two-thirds 
of the sodium fluoride is converted mto sodium bicarbonate, and one-thud mto 
sodium fiuosilicate ; 6NaF4-Si024^C02Hri2H20=4NaHC0 8 +Na 2 SiF 6 The sodium 
fluosilicate is converted back to sodium fluoride by treating it with a slip of powdered 
fluorspar : Na$SiF 6 riDaF 2 ^CaSiFe+2NaF. W Weldon patented a complicated 
process in 1866, which has not been practically applied W Weldon treated 
sodium sulphate with hydrofluono acid . Na 2 S0 4 +HF— NaHS0 4 +NaF, when 
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sodium fluoride is alone precipitated ; tins can be decomposed by magnesia . 
2NaF+Mg0+H 2 0=2Na0H+MgE 2 ; the magnesium fluoride is converted mto 
sulphate with the recovery of the hydrogen fluoride by heating it with the sodium 
bisulphate previously formed: 2MgF 3 +2]SraHS04=2MgS04+2NaF-f2HF : and 
the magnesium sulphate when treated with sodium chlonde forms sodium sulphate 
which crystallizes out at — 4°, and a soln. of magnesium chloride is obtained On 
ignition with steam magnesium chlonde forms magnesium oxide and hydrochlonc 
acid F. Jean (1868) devised a process for sodium fluoride by heating the sulphate, 
with coal, fluorspar, and calcium carbonate. The reaction is said to be very 
incomplete 

The 'preparation of sodium carbonate from cryolite — Cryolite, sodium fluoalurmnate, 
Na 8 AlF 6 , can be worked up mto sodium carbonate and alumina by a process devised 
by J. Thomsen 7 in 1862 An intimate mixture of equal weights of finely ground 
cryolite and calcium carbonate is heated to dull redness The calcined residue k 
called cryolite ash Luring the calcination, calcium fluoride and sodium alunnnate 
are formed, while carbon dioxide is set free : Na 3 AlF 6 +3CaC0 3 =Na3A103+3CaF 2 
+3C0 2 The action is more complete if a little calcium fluoride from a previous 
operation is incorporated with the initial mixture The charge from the furnace 
while hot is discharged into water contained m wooden lixiviating vats with false 
bottoms Sodium alurmnate dissolves, and the soln is pumped into boilers to be 
treated with carbon dioxide. The insoluble residue — mainly calcium fluoride — 
is employed m making glass, enamels, and bricks, and as a flux for metallurgical 
purposes. Carbon dioxide is forced mto the soln. of sodium alunnnate when 
aluminium hydroxide is precipitated, and sodium carbonate remains in soln. : 
2Na3A103+3C024-3H20=2Al(0H)3+3Na 2 C03 A comparatively large proportion 
of the sodium carbonate is absorbed by the precipitate, and requires much washing 
with boiling water. The alumina is mainly used for making alum The soln of 
sodium carbonate is oono. to a sp. gr. 1*332, when sal soda. Na 2 C0 8 10H 2 O, crystal- 
lizes out ; the lye can also be converted into the hydro carbonate NaHCO s , by the 
action of carbon dioxide 

F. G Spilsbury patented J Thomsen’s process in 1856 , 0 Tissier could only decompose 
one-third the cryolite in this way, and D Sauerwein showed that for complete decomposi- 
tion, 336 parts of calcium carbonate are needed for 447 parts of oiyoiite. H Schwarz, 
J Bmg and J, L Smith have described J Thomsen’s cryolite process J R von Wagner 
suggested baryta m place of lime L Schuch proposed decomposing cryolite with boiling 
soda-lye; H Bauer with a mixture of calcium carbonate and soda-lye; F. Lauterbom 
suggested boiling the cryolite with water alone ; and J F Persoz, by the treatment with 
sulphuric acid 2Na 8 AlF B -f 6H 2 S0 4 =Al 2 (S0 4 ) 8 -f 3Na 2 S0 4 -|-12HF. The difficulty in 
separating the sodium and aluminium sulphates rendered the process of no use industrially. 

The preparation of alkali carbonate from the alkali chlorides — T Bergman® 
(1775) showed that a soln. of sodium chlonde is decomposed by potassium carbonate^ 
for the mixed soln on evaporation gives a crop of crystals of potassium chloride 
and this is followed by a orop of crystals of sodium carbonate J. F Meyer (1764), 
and J. F. Westrumb (1785) gave specific directions for the operation, and the 
same plan was recommended by 0. F S Hahnemann, P J Karstellyn, and 
J 0. W. Remler Between 1802 and 1815 sodium carbonate was made at 
Walker-on- Tyne by a modification of the process devised by Earl of Dundonald 
(1795) C. Bischoff made sodium bicarbonate by passing carbon dioxide into an 
aq. soln of equal parts of sodium chloride and potassium carbonate — sodium 
bicarbonate preoipitated, potassium chlonde remains in soln. W Weldon patented 
a modification of this process in 1881. 

0 W Scheele (1773) noted that a damp mixture of common salt and calcium 
hydroxide effloresces after some weeks’ exposure to air, the efflorescent salt is 
sodium carbonate. It is probable that calcium bicarbonate is formed, which 
precipitates soluble sodium bicarbonate, and this explains the formation of the 
efflorescence of soda from salty soils. The observation made by C. W Scheele 
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■was also made, perhaps independently, by J. L. Proust, B Pelletier, and N. Deyeux, 
and was the subject of a patent by M. Caray in 1792, and worked for some time 
at Crosie C. W Scheele (1773) also noted that a soln. of common salt is decomposed 
by litharge, for, when the salt soln. is filtered through the lead oxide, it becomes 
caustic, and in air it yields sodium carbonate T. Bergmann described C. W Soheele’s 
observation m 1775 The insoluble by-product of the reaction is yellow lead 
oxychloride: 2NaCl+2Pb0+H20=2Na0H4“ClPb.0 PbCl, and the preparation 
of this compound was patented by J Turner in 1781, and it w$s employed as a 
pigment under the name Turner's yellow — sodium hydroxide was then a by-product. 
E 0 Achard (1784) did not favour the process. Many patents have been based on 
C W. Scheele’s reaction — eg . E R. Curaudau (1792), 0 Watt and T. R. Tebbutt 
(1838), J Hunt (1839), J. Rowbotham (1866), P M. Bachet (1869), D. 0. Knab 
(1877), Society anonyme Lorraine industnelle (1882), and E. T. Romiqui&res (1888) 
Zinc oxide is not so good as lead oxide foT the purpose. 

The preparation of sodium carbonate by the action of ammonium carbonate 
on sodium chloride is treated m a special section on the Solvay process G Tauber 
proposed to use ammonium sulphite in a similar manner : 4N^C1+4(NH4) 2 S0 3 
=2N a 2 (NEy 2 (S O s ) 2 + 4NH4OI The precipitated double salt is separated by 
the centrifuge and heated to 100°, whereby normal sodium sulphite remains as 
a residue, and ammonia, sulphur dioxide, and steam are evolved as vapours The 
sodium sulphite is decomposed by lime with calcium sulphite as a by-product 
W. Weldon exposed a mixture of water, common salt, and magnesia ox magnesium 
carbonate to lie action of carbon dioxide undeT press , when sodium bicarbonate 
is precipitated : 2NaCl+MgC0 3 + C0 2 +H 2 O=2NaHC0 flr -J-Mg«Jl2. The method 
has not been successful for the manufacture of soda, but 0. R Engel has applied 
it to the manufacture of potassium carbonate A Lanquetin substituted dolomite 
in place of W Weldon’s magnesium oxide or carbonate ; and tl J Carthaus, recom- 
mended a little ammonium salt to prevent the precipitation of basic salts A 
number of patents have been taken for converting sodium chloride into carbonate 
by the action of carbon dioxide with carbon monoxide or hydrogen on heated sodium 
chloride alone or admixed with carbon or a metal — e g. R. Lancaster (1879), M Benze 
and E. von Hardtmuth (1893), G Duxyee (1880) 

The potassium carbonate manufactured from the Stassfurt salts is in a great 
measure made by Engel’s process, which depends on the fact that below 24° potas- 
sium chloride in the presence of magnesium carbonate is decomposed by carbon 
dioxide, forming an almost insoluble double salt, KHC0 3 MgC0 3 4H g O, and 
magnesium chloride : 3MgC0 s +2KCl+C0 2 +5H 2 0=MgCl 2 -f2MgKH(C0 3 )2 4H 2 0 
The sparingly soluble double salt is readily separated from the soln of magnesium 
chloride, washed, and either heated with warm water : 2MgKH(C0 8 ) 2 4H 2 0 
=2MgC03+K2G03+00 2 +5H 2 0, or treated with magnesium hydroxide below 20° 
The soln of potassium carbonate is filtered ofE , the magnesium carbonate and 
carbon dioxide axe used for the treatment of more potassium chloride. The 
decomposition proceeds better under half an atm. press , and at a temp, over 115°, 
since the magnesium carbonate is then in a form which filters easily, and the formation 
of bicarbonates is avoided 

. Patented proposals have been made to heat sodium chloride with phosphoric 
acid (A Delhaye) ; zinc or lead pyrophosphate (L J E. Margueritte) , or 
ferric phosphate (A. R Arrott) The resulting soluble sodium phosphate is decom- 
posed by boiling with lime to form sodium hydroxide, which, if needed, can be 
converted into carbonate by a current of carbon dioxide These methods axe 
quite impracticable. In 1809, J". L. Gay Lussac and L J Th6nard proposed to 
make soda by the action of steam on a mixture of sodium chloride and Bilica . 
<e If these two compounds are melted together there is very little action, for the salt 
volatilizes before anything but a superficial combination takes place, and the action 
of salt in the glazing of pottery is probably made possible by the aq. vapour m the 
furnace gases.” The sodium silicate formed by the joint action of sodium and 
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steam on silica is suspended in water and treated with, carbon dioxide, whereby 
sodium carbonate and gelatinous silica are formed The process was the subject 
of patents by A Blanc and T. P Bazille (1810), G Pntsche (1858), W. Gossage 
(1862), and T Williams (1881). In 1818, A Bohme found that bone acid decom- 
poses sodium chlonde in the presence of steam, forming hydrochloric acid and 
sodium borate , and L J P Margueritte (1855) patented the process, converting 
the sodium borate by lime mto sodium hydroxide and calcium borate, and from 
the latter the bone acid is recovered by, say, treatment with hydrochloric acid. 
W Garroway (1889) also devised a modification of the process T. Greenshields 
(1852) treated a red-hot mixture of gypsum and coal with a mixture of coal and 
sodium chloride The lixiviated product was mixed with coal and limestone, fused 
in a reverberatory furnace, and afterwards leached with water for sodium carbonate 
T Eaynaud (1890) heated common salt with ferrous sulphide m air ; chlorine was 
given off, and the mixture of feme oxide and sodium sulphide so foimed was fuSed 
with coal. The resulting sodium carbonate and ferrous sulphide were lixiviated 
with water , the insoluble ferrous sulphide was used over again 

W Weldon’s patent (1866) for decomposing sodium chlonde by hydrofluonc 
acid, bo iling the resulting sodium fluonde with magnesium oxide, and decomposing 
the magnesium fluonde by sulphuric acid, has been indicated m dealing with the 
sulphates E L. M. Broohon makes hydrofluonc acid act on sodium chlonde either 
fused ot m soln. According to W. Weldon, sodium chloride can only be partially 
decomposed by treating a sat soln with hydrofluonc acid, hut a moderately quick 
current of the gas is passed mto a soln, of sodium chloride F, G Spilsbury and 
W. Maugham (1837) mixed a soln of sodium chlonde with hydrofluorio acid, or, 
better, with hydrofluosilicic acid, and converted the precipitated sodium fluosilicate 
into calcium fluosilicate and sodium hydroxide by boiling it with milk of lime. 
The washing of the precipitates is very difficult. TL le Chatelier and C. Kessler 
patented a similar process m 1858. 

In 1847, R A. Tilghmann patented a process for making sodium carbonate 
by heating a mixture of sodium chloride (or sulphate) and alumina m a current of 
steam : Al 2 0 8 +2NaCl+H 2 0— 2NaA10 2 +2HCl The sodium aluminate is dissolved 
in hot water and treated with carbon dioxide whereby aluminium hydroxide is pre- 
cipitated, and a soln of sodium carbonate is formed. The action is not very 
energetic at a red heat, and the use of a higher temp introduces difficulties with 
the refractories. W Gossage (1862), J. Hargreaves (1867), and H. Gnineberg 
and J. Vorster (1874) patented a similar process to that of R. A. Tilghmann. 
J Anderson (1867) and A Kayser (1887-1891) used clay in place of alumina ; and 
R. Lieber (1887) used aluminium sulphate, and, in 1878, a mixture of alumina and 
magnesium sulphate , M. Swager (1868) used a mixture of sodium and aluminium 
chlorides C Kessler (1867) and I. M. Gattman (1868) heated m a current of 
superheated steam and air a mixture of sodium (or potassium) chloride with chromic 
oxide alone or mixed with manganese oxide, chrome iron ore, or lead chromate 
Sodium dichromate and hydrogen chlonde are formed: 4NaCl+2Cr 2 0 3 +2H 2 0 
-}-302=2Na 2 Cfr 2 07+fflCl. A mixture of the solid product of the reaction with 
coal is heated to dark redness, when a mixture of chromic oxide and sodium carbonate 
is formed : !Na 2 (k 2 07-b2C~Ha 2 C0 3 -bCr20 3 -4-C0 , and 2Na2Cr 2 O7-j-30==2!Na2G'O3 
-f-2Cr 2 03+C0 2 The latter is removed by lixiviation with water , the insoluble 
chromic oxide can be used agam The reaction between steam and the mixture of 
sodium chloride and chromic oxide is very incomplete J Hargreaves and 
T, Robinson ieduced with hydrogen, carbon monoxide, oi the hydrocarbons, forming 
in the first case sodium hydroxide, and m the other two cases Bodium carbonate 

A Yogel has shown that sodium chlonde can be converted into the oxalate by 
treatment with oxalic acid ; and on ignition, sodium carbonate is formed When 
sodium oxalate is boiled with calcium oxide, calcium oxalate and sodium hydroxide 
are produced. Processes founded on these reactions were patented by E Samuel 
(1838), L. J F. MaTguentte (1855), and W Weldon (1866). G. Bong (1875) used 
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ammonium oxalate in place of oxalic acid ; E. Bohlig recommended magnesium 
oxalate According to F, W Dupre, 9 if a soln of potassium sulphate and sodium 
carbonate sat at 0°, be cooled to — 6°, crystals of sodiuin sulphate, Glauber’s salt, 
separate. The same soln can be again sat with potassium sulphate and sodium 
caibonate, and the process repeated until the soln. is sufficiently enriched with 
potassium carbonate. F. W. Dupr6 also says that in this process better results 
are obtained if potassium sodium sulphate is obtained from a mixture of sylvnnte 
and Glauber’s salt at l£-8 atm press 

The preparation of alkali carbonate from alkali sulphate — In 1786, J F Hagen 
described the double decomposition between sodium sulphate and potassium 
carbonate in aq soln., when the less soluble potassium sulphate crystallized out 
first, and crystals of sodium caibonate were obtained from the mother liquid. 
Accor ding to F 0. Accum, this process was used m London prior to 1808 
The same process has been described by T. Bergmann, J F Westrumb, and 
J F. W Nasse, and if the then ruling puces of potash and soda be taken into 
consideration, was not so economically absurd as might at first sight appear in the 
light of our present-day knowledge ; indeed, in 1840, E F Anthon reported favourably 
upon his appkcation of the process on a big scale. In another series of processes, 
the sodium sulphate was converted mto the sodium salt of an organic acid, and 
title latter calcined for the carbonate — thus, L F. F von Crell (1778), and 0. A Millet 
(1812), J. B Mollerat, and A. Payen, and W A. Lampadius treated sodium sulphate 
with calcium acetate , and R Ejrwan (1789) used lead acetate — E F. Anthon (1842) 
found that banum acetate, and calcium, lead, or barium sulphate was respectively 
precipitated, and he evaporated the soln of sodmm acetate to dryness, and roasted 
the product F. Frenchs obtained a patent for a similar process in 1890, and 
proposed to get acetone from the volatile products of the decomposition of the 
sodium acetate JJ IP Closson proposed to treat sodium sulphate with calcium 
sacoharate, and he decomposed the resulting soln. of sodium saccharate, by carbon 
dioxide, mto sugar and sodium bicarbonate W. W Staveley heated calcium 
carbonate with cresol or phenol, and sodium sulphate , calcium sulphate was pre- 
cipitated, and the aq soln of sodium phenolate or cresolate was decomposed by 
carbon dioxide The Chemische Fabnk Grrinau described a similar process using 
a- and jS-naphthols, etc. 

The preparation of sodium carbonate by heating sodium sulphate with limestone 
and coal mil be discussed in a special section devoted to N. Leblanc’s process. 
Potassium carbonate is made by the same process In 1783, H. F Delius pro- 
posed decomposing sodium sulphate by calcium oxide into sodiuin hydroxide and 
calcium sulphate. The same process was used by F C. Achaid, C W. Scheele, 
and M H. Klaproth. P. Claussen (1852) patented the use of the hydroxides 
of banum, strontium, or calcium for a similar purpose, and changed the hydroxide 
to carbonate by exposure to air E. F Anthon (1840) showed that the reaction is 
incomplete, and accordingly A G Hunter (1865) and C. M. T. du Motay (1871) 
proposed to heat the mixture of lime and sulphate with water under press ; 
but D Hill, M. Reisz, and E. T. Bevan and C F Cross did not obtam encourag- 
ing results. D Hill found a 1 per cent conversion without press ; a 6 per cent, 
conversion with 3 atm press, M. Fries found the reaction with calcium oxide 
progressed more completely if a little banum carbonate be present — vide mpa 
The double decomposition is virtually complete if barium hydroxide be substituted 
fox calcium oxide even in cold soln , and this would be an efficient way of making 
soda if it were possible to make barium oxide cheaply enough ; indeed, said 
A W, Hofmann, when a much cheaper process for making caustic baryta than any 
at present known, has been discovered, then the manufacture of alkali will be 
revolutionized. A patent for the baryta process was obtained by H. P. Fuller 
in 1819 ; he made his baryta by calcining the carbonate, and used the carbon 
dioxide fox carbonating the sodium hydroxide Modifications were proposed by 
E. Samuel, G. Hofaoker, A G Hunter, W A. Lyttle, and A. Smith , and the 
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substitution of strontium oxide for calcium or barium oxide has been suggested 
by A. Ungerex, G H Gray, and E Eichstadt Several attempts have been 
made to decompose the sulphate either by fusion with baimm (or strontium) 
carbonate, as was done by C. W G Kastner m 1826, and E E. Anthon in 1840 , 
ox by boiling barium (or strontium) carbonate with a soln of sodium sulphate as 
proposed by L W Kolreuter m 1824 In neither ease has the result been success- 
ful. The reaction is incomplete because a large proportion of sodium sulphate 
remains undecomposed, as was demonstrated in 1832. Nevertheless,, the reaction 
has been the subject of many patents — C Lenmg (1851), W H Balmain and 
T Colby (1856), and M Nauhardt (1892) H Rose, and E J Malaguti have 
studied the equilibrium conditions of the reaction ; and W. Spring, the effects of 
press. 

J Townsend patented the use of a mixture of barium carbonate and calcium 
oxide for converting the sulphate to carbonate D Hill and G Lunge found that 
the reaction is complete with precipitated barium carbonate, but not with native 
carbonate, provided an excess of the caibonate and lime be used, the cost also is 
prohibitive M Pongowsky patented the process of converting sodium sulphate 
mto carbonate by adding powdered limestone to an alkaline soln of the sulphate, 
and treating the mixture with carbon dioxide with constant agitation Calcium 
bicarbonate is formed, and this converts the sodium sulphate mto carbonate. 
E. W Hilgard verified the conclusion and suggested the reaction as an explanation 
of the formation of natural soda ; but G Lunge showed that dll. soln are required, 
and on evaporation, the reaction is reversed H Taylor (1851) used banum bi- 
carbonate under similar conditions ; and R von Wagner showed that a clear soln. 
of barium bicarbonate decomposes sodium sulphate, forming barium sulphate and 
sodium bicarbonate, and that a comparatively small proportion of the bicarbonate 
will complete the reaction between barium carbonate and sodium sulphate. 
E Kuhlmann obtained better results by increasing the press The cost of the process 
renders the process unable to compete with the ammonia process Patents have 
been obtained by G Lunge (1866), W. Bramley (1886), and W. von Baranoff 
(1895) for modifications of this process J L Smith prepared potassium carbonate 
by shaking for an hour a mixture of calcium carbonate with a soln of potassium 
sulphate sat with carbon dioxide H. Jannasch also patented the preparation of 
potassium carbonate from kaimte by treating potassium sulphate with withente 

R. A Tilghmann (1847) and E. Siermann (1878) proposed converting sodium 
sulphate into carbonate by a process based on this fact, that while a mixture of sodium 
sulphate and alumina is not decomposed even at a white heat, a reaction occurs 
if steam he present. Bauxite behaves similarly, while iron oxide acts better if 
the temp be very high Sodium aluminate is formed The reaction is incomplete, 
for there is only a 40 per cent conversion of sodium sulphate into the aluminate. 
An aq soln. of the product can be decomposed by carbon dioxide into alumina and 
sodium carbonate ; or, according to G and E. Lowig, by treatment with milk of 
hme 0 R Claus obtamed better results with reducing gases , H M. Baker 
mixed the alumina with coal , D. A Pemakoff, with pyrites ; J 0 H Behnke and 
E Fleischer used a mixture of sodium sulphate, coal, bauxite, and ferric oxide. 
The furnace operations involved in these processes severely corrode the refractory 
linings 

A Baudnmont and J Pelouze (1833) fused the sodium sulphate with galena or 
zinc blende and formed the alkali plumhate or zmcate, and J. B. M. P Closson 
boiled a soln of sodium sulphate with milk of lime and lead oxide The plumbate 
can be decomposed by sulphide, carbon dioxide, or by electrolysis The St Gobam 
Co. patented a process m which sand, coal, and sodium sulphate are heated together ; 
water-glass is formed ; and a soln. or suspension of that salt m water is decomposed 
by carbon dioxide or by milk of lime J Simpson (1890), J C. Ody (1892), 
N Basset and W. von Baranoff (1894) decomposed a soln. of sodium sulphate by 
calcium phosphate in dil. acid. The soluble sodium phosphate which is formed 
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when treated with milk of lime, gives a precipitate of calcium phosphate and a soln 
of sodium hydroxide G E Davis (1877) used commercial aluminium phosphate 
in place of the calcium salt. E Gutzkow decomposed a soln. of sodium sulphate 
with calcium bisulphite , calcium sulphate is precipitated and a soln. of sodium 
sulphite is formed , the sodium sulphite is decomposed by milk of lime, forming 
calcium sulphite and sodium hydroxide. J. J. AJsberge proposed an analogous 
cycle with calcium oxalate and sodium bisulphate In W Weldon’s and E. Jean’s 
processes, the sulphate (or chloride) is treated with barium sulphide, a soln of potas- 
sium sulphide, and a precipitate of barium sulphate are produced This reaction 
was the subject of a patent by the Chemisohe Eabrik Buckau The sulphide soln 
was evaporated to a sp gr. of 1 16, and treated with carbon dioxide, which converts 
the sulphide to carbonate with the evolution of hydrogen sulphide The potassium 
carbonate is recovered by evaporation. 

P Romer mixed a hot cone soln of equi-molecular parts of potassium sulphate 
and dichromate with enough milk of lime to precipitate the combined sulphuric 
acid as calcium sulphate The precipitate was removed from the soln of potassium 
chromate : Ca(0H) 2 d-K 2 ®04H“^2^2®7~^^2^®£“f"’^' a k0 4 -l-H 2 0. The soln was 
evaporated until it was sat. between 35° and 40°, and treated with carbon dioxide, 
which converted the chromate to dichromate and hydrocarbonato 2K 2 Cr0 4 +2C0 2 
+H 2 0 =2KHC0 3 +K 2 Cro0 7 The purification of the soln of potassium hydro - 
oarbonate was effected by repeated evaporation and saturation with carbon dioxide. 
The process can also be employed for kamite, schomte, sylvioite, etc. 

The preparation of alkali carbonate fiom alkali sulphide reduced, fiom the sulphate . 
—According to J Mactear, 10 the note-books of Tennant’s works, dated about 
1800, say that sodium carbonate can be made by heating sodium sulphate with 
coal, and that when the product is lixiviated, evaporated for crystallization, and 
again calcined, the product becomes richer in oarbonate , J. von Liebig made an 
analogous proposal to the same firm in 1839, and stated that when the calcination 
is made at 300°, the sodium oxalate and acetate first formed are decomposed into 
the carbonate. The failure of the process was ascribed by J. von Liebig to the 
reaction following a different direction to the way he thought it would go, viz , 
2Na 2 S0 4 +4:C=Na 2 CO 3 +Na 2 S^+2CO 2 +CO. W. Gossage (1869) tried to make 
sodium hydroxide by running melted sodium sulphate through red-hot coke — the 
sulphur was supposed to be liberated in a free state. In N. Leblanc’s process, to 
be subsequently described, the sodium sulphate is converted into oarbonate by 
heating it with admixtures of coal and calcium carbonate. G. Rcinar (1858) 
proposed to use banum oarbonate in place of tbe calcium carbonate m N. Leblanc’s 
process in countries where native banum carbonate <c occurs in large quantities ” 
There are few places where banum carbonate does occur in large quantities ; a 
greater weight of material has to be handled for a given result ; and, as R. von Wagner 
showed, the results are unsatisfactory with a large excess of barium carbonate 
since sulphide accumulates m the liquors 

In 1778, Pfere Malherbe ignited sodium sulphate mixed with charcoal and 
iron in a reverberatory furnace, and lixiviated the cold mass with water to get the 
sodium carbonate E. E. Siemens (1828) used a mixture of manganese dioxide 
and iron for decomposing the sodium sulphide, and E Eopp (1854) substituted 
feme oxide for iron in Pfere Malherbe’s process. According to E. Kopp, the re- 
action progresses: 2Fe 2 0 3 4-3Na 2 S0 4 +16C~Na 6 Ee 4 S3 +1400+2002, followed by 
Na 6 Ee 4 S 3 +0 2 +2C0 2 ===Na 2 Ee 4 Ss+2Na 2 C0 s When the supposed Na 2 Ee 4 S3 is 
oxidized in damp air and calcined the end products are Na 2 Ee 4 S 3 +70 2 =2Ee 2 0 8 
+Na 2 S0 4 +2S0 2 On the other hand, A Stromeyer says the double sulphide 
arising out of the process is Na 2 S 2EeS, i.e. Na 2 Ee 2 Sg } and not B. Kopp’s Na Q Ee 4 S 8 ; 
and he represents the reaction: 2Ee 2 03+6Na 2 S0 4 +130=2Na 2 Ee 2 S3+4Na a C0s 
f-900 2 . A. Stromeyer says E. Kopp’s second equation cannot be right because, 
while this double sulphide is decomposed by water furnishing a clear soln of sodium 
carbonate, the precipitate retains variable quantities of sodium sulphide, and, if 
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oxygen be present, sodium thiosulphate is formed , with carbon dioxide, also some 
hydrogen sulphide is always evolved. A W. Hofmann has reported : 

Although E Kopp’s process is irreproachable so far as regards the conversion of sodium 
sulphate into carbonate (this is certainly not the case r ), yet it is very defective with respect 
to the re-utilization of the sulphur ; his sulphide of iron contains too much sodium sulphide 
to yield, when burnt, any considerable quantity of SO £ , which, moreover, is accompanied 
by an enormous bulk of nitrogen, corresponding to the oxygen comb ining with the non and 
the sodium sulphide Its utilization in vitnol-ohambers would be out oi the question 


M Waldeck has also shown that the wear on the fireclay or cast-iron linings of the 
furnace is very severe and costly, this fact, coupled with the bad yields, explains 
why E Kopp’s process could not succeed against N. Leblanc’s process J. Bowron 
and G. Robinson (1863), T. Macfarlane (1863), J. Hargreaves and T. Robinson 
(1872-3), M L6teli6 (1891), and P C. Don (1870) patented modifications of 
E Kopp’s or Pkre Malherbe’s processes H M Baker (1870) heated salt-cake with 
coal and clay or alumina to form sodium alutmnate which, was decomposed with 
carbon dioxide for aluminium hydroxide and sodium carbonate C R. Claus 
(1869) proposed desulphurizing sodium sulphide by heating a mixture of eq. quan- 
tities of sodium fluosiheate and sulphide in steam: Na 2 SiF 6 +2Na 2 S4-2H 2 0 
=6NaF+Si0 2 +2H 2 S The hydrogen sulphide is collected and utilized, and the 
mixture of silica and sodium fluoride is treated with calcium hydroxide ox carbonate 
to form respectively soluble sodium hydroxide or carbonate, and insoluble calcium 
fluonde mixed with silica The insoluble residue is mixed with hydrochloric acid 
and then with sodium chloride and sodium fluosiheate is regenerated. 

R. Laming (1859) proposed passing a current of steam and air through a heated 
mixture of coal and sodium sulphate until no more hydrogen sulphide escapes, and 
then recovering the sodium carbonate by lixiviation. A. Vogt and A. Pigge treated 
porous briquettes, made of salt-cake with clay or lime, ox magnesia or silica, at a 
red heat with carbon monoxide to reduce the sulphate to sulphide, and then with 
carbon dioxide to convert the sulphide to carbonate. A. Kayser, A B. Young, 
and H. Williams (1886) claimed that a mixture of carbon monoxide and dioxide 
converts sodium sulphate, at a dark red heat, mto sodium carbonate. W. Smith 
and W. B. Hart did not get good results G Lunge has also reported on the process 
as applied on the Hautmont Chemical Works C. R. Claus (1886) and G. E. Davis 
(1887) used water gas for reducing the sodium sulphate to sulphide ; and used 
carbon dioxide alone or with steam for converting the sulphide to sulphate. 
A E Fletcher (1873) also reduced sodium sulphate by heating it in reducing gases, 
and converted the sulphide to carbonate by carbon dioxide. A G. Haddock and 
J. Leith (1890) converted the calcium sulphide, CaS, in alkali waste to the hydro- 
sulphide, Ca(SH) 2 , by treating a slurry of the waste with hydrogen sulphide. Cone, 
soln of sodium sulphate and calcium hydrosulphide gave a precipitate of calcium 
sulphate and a soln. of sodium hydrosulphide which is converted by carbon dioxide 
mto sodium carbonate Half the escaping hydrogen sulphide is used for converting 
a fresh quantity of alkali waste, and the other half is available for other uses. Thus 
half a given quantity of salt-cake is worked up by the Leblanc process, and half 
by the proposed process. The process offered many theoretical advantages which 
did not materialize in practice. 

J. A. C. Gren observed that an aq. soln of sodium sulphide is decomposed by 
carbon dioxide forming sodium carbonate with the evolution of hydrogen sulphide ; 
and if the stream of carbon dioxide be continued, sodium bicarbonate is formed. 
Over fifty patents based upon these observations were obtained. E. Beil and 
A. Rittener have studied the action of carbon dioxide upon sodium and calcium 
sulphides The reaction is by no means simple, fox a great proportion of the sodium 
is converted into bicarbonate before the whole of the sodium sulphide has been 
decomposed ; indeed, hydrogen sulphide still escapes even in the advanced stage 
of the process, where the sodium is almost entirely present as bicarbonate, and the 
vol. n. 3 a 
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when treated with mi IV of lime, gives a precipitate of caloium phosphate and a soln. 
of sodium hydroxide. G. E. Davis (1877) used commercial aluminium phosphate 
in place of the calcium salt. E. Gutzkow decomposed a soln. of sodium sulphate 
with calcium bisulphite ; calcium sulphate is precipitated and a soln. of sodium 
sulphite is formed ; the sodium sulphite is decomposed by milk of lime, forming 
caloium sulphite and sodium hydroxide. J. J. Alsberge proposed an analogous 
cycle with calci um oxalate and sodium bisulphate. In W. Weldon’s and F. Jean’s 
processes, the sulphate (or chloride) is treated with barium sulphide, a soln. of potas- 
sium sulphide, and a precipitate of barium sulphate are produced. This reaction 
was the subject of a patent by the Chemische Fabrik Buckau. The sulphide soln. 
was evaporated to a sp. gr. of 1T6, and treated with carbon dioxide, which converts 
the sulphide to carbonate with the evolution of hydrogen sulphide. The potassium 
carbonate is recovered by evaporation. 

P. Romer mixe d a hot cone. soln. of equi-moleeular parts of potassium sulphate 
and dichromate with enough milk of lime to precipitate the combined sulphuric 
acid as calcium sulphate. The precipitate was removed from the soln. of potassium 
chromate : Ca(0H)2+K2S04-4-K2Cr2O7==2K 2 CrO4-f-Ca&O4-l-H 2 O. The soln. was 
evaporated until it was sat. between 35° and 40°, and treated with carbon dioxide, 
which converted the chromate to dichromate and hydrocarbonate : 2K 2 Cr04-f-2C02 
+H 2 0 ~2KHC0 3 -f-K 2 Cr 2 0 7 . The purification of the soln. of potassium hydro- 
carbonate was effected by repeated evaporation and saturation with carbon dioxide. 
The process can also be employed for kainite, schonite, sylvinite, etc. 

The preparation of alkali carbonate from alkali sulphide reduced from the sulphate . 
—According to J. Mactear, 10 the note-books of Tennant’s works, dated about 
1800, say that sodium carbonate can be made by beating sodium sulphate with 
coal, and that when the product is lixiviated, evaporated for crystallization, and 
again calcined, the product becomes richer in carbonate ; J. von Liebig made an 
analogous proposal to the same firm in 1839, and stated that when the caloination 
is made at 300°, the sodium oxalate and acetate first formed are decomposed into 
the carbonate. The failure of the process was ascribed by J. von Liebig to the 
reaction following a different direction to the way he thought it would go, via., 
2Na2S0 4 +4C=Na 2 C0 8 +Na 2 S2+2C02+C0. W. Gossage (1869) tried to make 
sodium hydroxide by running melted sodium sulphate through red-hot coke — the 
sulphur was supposed to be liberated in a free state. In N. Leblanc’s process, to 
be subsequently described, the sodium sulphate is converted into carbonate by 
heating it with admixtures of coal and calcium carbonate. G. Rcinar (1858) 
proposed to use barium carbonate in place of tbe caloium carbonate in N. Leblanc’s 
process in countries where native barium carbonate “ occurs in large quantities.” 
There are few places where barium carbonate does occur in large quantities ; a 
greater weight of material has to be handled for a given result ; and, as R. von Wagner 
showed, the results are unsatisfactory with a large excess of barium carbonate 
since sulphide accumulates in the liquors. 

In 1778, Pfere Malherbe ignited sodium sulphate mixed with charcoal and 
iron in a reverberatory furnace, and lixiviated the cold mass with water to get the 
sodium carbonate. F. E. Siemens (1828) used a mixture of manganese dioxide 
and iron for decomposing the sodium sulphide, and E. Kopp (1854) substituted 
ferric oxide for iron in P&re Malherbe’s process. According to E. Kopp, the re- 
action progresses: 2Fe 2 0 3 +3Na2S0 4 -|-16C=Na 6 Fe 4 S3~|-14C0~f-2C02 5 followed by 
Na 0 Fe4^+O 2 +2CO_2=Na2Fe 4 S 3 +2Na 2 CO 8 . When the supposed Na 2 Fe 4 S 8 is 
oxidized in damp air and calcined the end products are Na 2 Fe 4 S 8 -b702=2Fe20 8 
+Na2S0 4 4-2S02. On the other hand, A. Stromeyer says the double sulphide 
arising out of the process is Na 2 S.2FeS, i.e. Na 2 Fe 2 S8, and not E. Kopp’s Na 6 Fe 4 S3 ; 
and he represents the reaction: 2Fe 2 0 3 +6Na2S04+13C=2Na 2 Fe2S s +4Na 2 C0j 

f-9C0 2 . A. Stromeyer says E. Kopp’s second equation cannot be right because, 
while this double sulphide is decomposed by water furnishing a clear soln. of sodium 
carbonate, tbe precipitate retains variable quantities of sodium sulphide, and, ii 
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oxygen be present, sodium thiosulphate is formed ; with carbon dioxide, also some 
hydrogen sulphide is always evolved. A. W. Hofmann has reported : 

Although E. Kopp’s process is irreproachable so far as regards the conversion of sodium 
sulphate into carbonate (this is certainly not the case I), yet it is very defective with respect 
to the re-utilization of the sulphur ; his sulphide of iron contains too much sodium sulphide 
to yield, when burnt, any considerable quantity of SO s , which, moreover, is accompanied 
by an enormous bulk of nitrogen, corresponding to the oxygen combining with the iron and 
the sodium sulphide. Its utilization in vitriol-chambers would be out of the question. 

M. Waldeck has also shown that the weax on the fireclay or cast-iron lining s of the 
furnace is very severe and costly, this fact, coupled with the bad yields, explains 
why E. Kopp’s process could not succeed against N. Leblanc’s process. J. Bowron 
and G. Robinson (1863), T. Macfarlane (1863), J. Hargreaves and T. Robinson 
(1872-3), M. L6teli6 (1891), and P. C. Don (1870) patented modifications of 
E. Kopp’s or Pfere Malherbe’s processes. H. M. Baker (1870) heated salt-cake with 
coal and clay or alumina to form sodium aluminate which was decomposed with 
carbon dioxide for aluminium hydroxide and sodium carbonate. C. R. Claus 
(1869) proposed desulphurizing sodium sulphide by heating a mix ture of eq. quan- 
tities of sodium fluosilicate and sulphide in steam : Na 2 SiF 6 -f 2]STa 2 S +2H 2 0 
=6NaF d-Si0 2 -j-2H 2 S. The hydrogen sulphide is collected and utilized, and the 
mixture of silica and sodium fluoride is treated with calcium hydroxide or carbonate 
to form respectively soluble sodium hydroxide or carbonate, and insoluble cal ci um 
fluoride mixed with silica. The insoluble residue is mixed with hydrochloric acid 
and then with sodium chloride and sodium fluosilicate is regenerated. 

R. Laming (1869) proposed passing a current of steam and air through a heated 
mixture of coal and sodium sulphate until no more hydrogen sulphide escapes, and 
then recovering the sodium carbonate by Iixiv iation. A. v ogt and A. Figge treated 
porous briquettes, made of salt-cake with clay or lime, or magnesia or silica, at a 
red heat with carbon monoxide to reduce the sulphate to sulphide, and then with 
carbon dioxide to convert the sulphide to carbonate. A. Kayser, A. B. Yo ung , 
and H. Williams (1885) claimed that a mixture of carbon monoxide and dioxide 
converts sodium sulphate, at a dark red heat, into sodium carbonate. W. Smith 
and W. B. Hart did not get good results. G. Lunge has also reported on the process 
as applied on the Hautmont Chemical Works. C. R. Claus (1886) and G. E. Davis 
(1887) used water gas for reducing the sodium sulphate to sulphide ; and used 
carbon dioxide alone or with steam for converting the sulphide to sulphate. 
A. E. Fletcher (1873) also reduced sodium sulphate by heating it in reducing gases, 
and converted the sulphide to carbonate by carbon dioxide. A. G. Haddock and 
J. Leith (1890) converted the calcium sulphide, CaS, in alkali waste to the hydro- 
sulphide, Ca(SH) 2 , by treating a slurry of the waste with hydrogen sulphide. Cone, 
soln. of sodium sulphate and calcium hydrosulphide gave a precipitate of calcium 
sulphate and a soln. of sodium hydrosulphide which is converted by carbon dioxide 
into sodium carbonate. Half the escaping hydrogen sulphide is used for converting 
a fresh quantity of alkali waste, and the other half is available for other uses. Thus 
half a given quantity of salt-cake ib worked up by the Leblano process, and half 
by the proposed process. The process offered many theoretical advantages which 
did not materialize in practice. 

J. A. C. Gren observed that an aq. soln. of sodium sulphide is decomposed by 
carbon dioxide forming sodium carbonate with the evolution of hydrogen sulphide ; 
and if the stream of carbon dioxide be continued, sodium bicarbonate is formed. 
Over fifty patents based upon these observations were obtained. E. Berl and 
A. Rittener have studied the action of carbon dioxide upon sodium and calcium 
sulphides. The reaction is by no means simple, for a great proportion of the sodium 
is converted into bicarbonate before the whole of the sodium sulphide has beer 
decomposed ; indeed, hydrogen sulphide still escapes even in the advanced stagt 
of the process, where the sodium is almost entirely present as bicarbonate, and th< 

vol. n. 3 a 
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sulphide is completely decomposed only when all the sodium has been converted into 
bicarbonate. Carbonic and hydrosulphuxic acids are of nearly equal strength, and 
the effects are influenced by the mass action of each. The first stages in the actions 
of carbon dioxide on sodium sulphide and hydrogen sulphide on sodium carbonate 
furnish the same products : Na 2 S-j-C 0 2 -f-H 2 0 =NaSH-{-NaHC 03 ; and Na 2 C 0 g 
-fH 2 S==NaHS+NaHC0 8 . There is then a balanced reaction: NaHC0 3 +H 2 S 
^NaSH+C0 2 H-H 2 0 ; at higher temp, sodium carbonate as well as sodium bicar- 
bonate, appears, and sodium sulphide, as well as sodium hydrosulphide, is formed. 
The constant of division K in the condition of equilibrium: [NaHC0 3 ][H 2 S] 
=A[NaHS][H 2 C0 3 ], is 2 - 16 at 14°, and it diminishes with a rise of temp, which 
thus favours the formation of sodium hydrosulphide — at 18°, IT =201 to 1*98; 
at 55°, 21=0*90; at 60°, JT=0*90 ; and” at 90°, 21=0*56. It was also observed 
that when 30 per cent, carbon dioxide is used for decomposing the Bodium sulphide, 
the proportion of hydrogen sulphide in the gas phase remains almost to the end 
of the reactions above the m inimum required for the combustibility of hydrogen 
sulphide to sulphur dioxide and water, whereas in the action of carbon dioxide on 
sodium sulphide, this limit is exceeded only in the early stages. 

The fact that in order to convert sodium sulphide to the carbonate, H. L. Duhamel 
du Monceau and A. S. Marggraf treated sodium sulphide with acetic acid, and ignited 
the product for the carbonate, is of mere historical interest. W. Gossage (1870) 
proposed superheated steam ; J. Wilson used sodium bicarbonate : Na 2 S+2NaHC0 3 
=2NTa 2 C0 8 -f H 2 S. Although several patents — C. F. Werckshagen, and C. Bohringer 
and G. Clemm — have been obtained for this principle, the reaction is incomplete, 
and requires a large excess of the carbon dioxide. J. Pedder (1894) heated the 
sulphide with coal : 2Na 2 S+2C+50 2 ==2Na 2 C0 s -|-2S0 2 . C. M. T. du Motay (1870) 
used sodium or calcium hydroxide ; R. Laming (1859) used ammonium carbonate, 
G. Clemm (1853) used magnesium carbonate. G. E. Habich (1856), T. Cottrill (1853), 
and R. de la Souch&e (1878) used native iron carbonate ; but that mineral acts 
too slowly and incompletely to be of much practical use. R. von Wagner (1865) 
and E. Siermann (1878) proposed to use alumina. A. R. Arrott (1859) patented 
the use of ferric or manganic oxide in the wet way, and modifications were patented 
by W. Gossage (1859), J. Wilson (1838) ; and P. Lemoult (1907) and F. Ellershausen 
(1890) used sodium ferrite, Na 2 O.Fe 2 Os, which acts much more quickly than ferric 
oxide. W. H. Clayfield (1804) proposed to use lead, zinc, or their oxides for con- 
verting alkali sulphates into the hydroxides and ultimately into the carbonates. 
L. Possoz (1858), E. A. Parnell (1870), C. Crockford (1871), and F. P. E. de Lalande 
(1887) also recommended zinc oxide for the desulphurization of sodium sulphide, 
and H. W. de Stuckl6 (1904) recommended sodium zincate. In 1829, 0. P. Priickner 
obtained a prize offered by the Academy of Science of St. Petersburg for the following 
process : 

Sodium chloride -with ammonium sulphate is decomposed into sodium sulphate and 
ammonium chloride. By ignition with coal the sulphate is reduced to sulphide ; and its 
soln. is boiled with coppersmiths’ scales (Cu s O) till all the sulphur has been precipitated 
as copper sulphide and only caustic soda remains. The former, by gentle roasting, is con- 
verted into cupric sulphate, or more strongly heated till only CuO remains ; the escaping 
S0 2 is conducted into ammonia -liquor, obtained by heating the amm o nium chloride of 
the first operation with lime. The ammonium sulphite remains in contact with the air 
till it has been converted into sulphate, and can serve for again decomposing common salt. 

Patents for somewhat analogous process were obtained by M. Poole (1839), W. Hunt 
(1840), M. W. Johnson (1852), F. A. Bazin and M. Wilden (1876), and E. M'Clintock 
(1861). 

The preparation of alkali carbonate from alkali mtrate. — The sodium nitrate 
required for the manufacture of nitric acid, and for the sulphuric acid chambers is 
converted into nitre-cake — sodium acid sulphate, and is utilized as salt-cake in 
m a kin g alkali. Many of the proposals for converting sodium nitrate into the 
carbonate, really aim at getting the alkali as a by-product in the manufacture of 
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nitric acid, in a more convenient form for converting it with the hydroxide or 
carbonate. H. L. Duhamel du Monceau (1735), 11 and A. S. Marggraf (1762) knew 
that when a mixture of coal and nitre is deflagrated and the product lixiviated with 
water, a soln. of sodium carbonate is formed. F. Brown (1884) and A. and G. Freda 
and M. Patroni (1890) patented the manufacture of alkali carbonates from nitrates 
and charcoal. 

H. W. F. Waekenroder prepared what he called nitrum fixum cither by projecting 
powdered charcoal in small portions at a time on fused nitre until detonation no longer 
occurs, or by adding a mixture of nitre with one-third its weight of charcoal in small portions 
at a time to a red hot crucible. The resulting carbonate extracted with water contains 
some nitrite, silicate, and cyanide as impurities. E. Riogel and J. Zinkeisen used a similar 
process, and oalemed the mixture 15 min. H. W. F. Waekenroder also made what he called 
fiuxus albus, or white flux, by igniting a mixture of equal parts of potassium tartrate and 
nitre ; the product is white, and since insufficient carbon is present to reduce all the nitrate — 
the product contains both nitrate and nitrite, as well as carbonate ; if twice as much 
tartrate be used, the product was called flux us niger, or black flux. The potassium carbonate 
can be extracted from the mass with water. H. W. F. Waekenroder found the product 
contained some cyanide, but some cyanate was also present. 

By decomposing sodium nitrate at 800°-900° with hydrocarbon gases, 
H. E. Baudoin and E. T. H. Dcfort propose to make sodium carbonate, ammonia, 
and carbon dioxide. C. Wollnor proposed decomposing the nitrate by ignition 
with copper ; E. Pollacci, with iron ; W. C. Brown, with lead ; and D. HiU, with 
zinc. L. Mond (1862) proposed preparing nitric acid by heating sodium nitrate 
with basic or indifferent substances like the oxides of iron, manganese, copper, 
cobalt, or nickel, and working the residues for sodium hydroxide. F. M. Lyte 
used ferric oxide ; G. Lunge and F. M. Lyte manufactured white lead, and obtained 
sodium hydroxide as a by-product. F. Wohler showed that the ignition of a mixture 
of sodium nitrate and manganese dioxide, without access of air, gives a lower oxide of 
manganese and sodium hydroxide without a trace of Bodium manganate being formed ; 
J. R. Glauber (1648) reported that the ignition of a mixture of saltpetre and clay 
gives nitric acid ; F. Reich also noted that the nitrate is decomposed by silica ; 
and R. von Wagner, bj alumina — in the one case sodium silicate, and in the other 
case sodium aluminatc arc formed ; and in both cases nitric acid is given off. The 
solids can be converted into sodium hydroxide and silica or alumina respectively 
by treatment with carbon dioxide. Patents were obtained by H. M. Baker, 
J. H. Poole, and W. R. Stace, and by W. Garroway for similar processes. One 
difficulty is to obtain a suitable refractory capable of withstanding the corrosive 
action of the fused mixtures. A simitar objection applies to attempts to treat a 
heated mixture of sodium nitrate and calcium carbonate by steam as proposed 
by I. Walz and by K. Lieber. Almost the theoretical yield of nitric acid is obtained, 
and the mixture of sodium carbonate and lime used for making sodium hydroxide. 
G. Lunge found even platinous vessels were destroyed in a short time. A. Vogt 
heated sodium nitrato with quicklime in a stream of steam and oaxbon dioxide 
at 350°. The nitrous fumes escape and oxidized to nitric acid ; the lixiviation 
of the residue gives sodium carbonate. W. Garroway used a similar process with 
quicklime, baryta, strontia, or magnesia and sodium nitrate. F. Kuhlmann heated 
a mixture of sodium nitrate and magnesium or calcium Bulphate ; the nitrous 
fumes which escaped were oxidized to nitric acid, and sodium sulphate was obtained 
as a by-product. M. Loucbs (1844) was the first to propose making potassium 
nitrate by the mutual decomposition of sola, of chemically eq. quantities of sodium 
nitrate and potassium carbonate, K2C0 3 -f2NaN0^2KN03-fNa 2 C03, and details 
of the process have been described by E. G. Gentele, F. Kuhlmann, P. Bolley, 
0. Wollncr, G. Schnitzer, C. Schwarz, and H. Griineborg. G. Lunge also suggested 
the manufacture of potassium nitrate by the actions of potassium hydroxide on 
sodium nitrate, with sodium hydroxide as a by-product. There is an impracticable 
suggestion patented by F. S. M. de Sussex to decompose sodium chloride by nitric 
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acid, and convert the sodium nitrate into carbonate. There are also proposals to 
apply the ammonia or Solvay process to sodium nitrate by G. T. Gerlach (1876), 
A. M. and J. F. Chance (1885), and A. Colson (1910). 

The preparation of the alkali carbonates by the electrolysis of solutions of the chlorides. 
— The methods of preparing the alkali carbonates by the electrolysis of soln. of 
the chlorides has been in part discussed in connection with the electrolysis of these 
soln. for chlorine, chlorates, and the alkali hydroxides. Modifications are required 
for carbonating the caustic alkali. J. Marx 12 and W. Hempel showed that if a 
current of carbon dioxide be passed in the cathode liquid during the electrolysis of 
sodium chloride, chlorine and sodium carbonate are formed ; the hydrogen formed 
at the same time can be combined with the chlorine to produce hydrochloric acid. 
T. Parker and A. E. Robinson suggested keeping fatty acids in the cathode chamber 
during the electrolysis of a soln. of sodium chloride and decomposing the soap 
which rose to the surface by carbon dioxide. E. Hermite and A. Dubose electrolyzed 
the alkali chloride soln. in the presence of alumina or aluminium chloride so that 
alkali aluminate was formed at the cathode. The salt was there decomposed by 
carbon dioxide. W. SpilkeT and C. Lowe placed an anode in a soln. of alkali chloride, 
the cathode in one of alkali carbonate ; a fresh soln. of the alkali chloride was 
continuously introduced into the former, and oarbon dioxide into the latter. Chlorine 
was produced at the anode. 

The impurities in commercial alkali carbonates. — Sodium carbonate prepared 
by Leblanc’s process may have sulphate and chlorides as impurities as well as 
thiosulphates, ferrocyanides, and calcium carbonate. Cryolite soda may have 
alumina. G. H. Bauer 18 found magnesium carbonate in some commercial soda ; 
R. Fresenius, arsenic and selenium ; H. Wurtz, silicate and phosphate ; A. le 
Ricque de Monchy, organic matter; C. F. Rammelsberg and A. Baumgarten, 
vanadium and fluorides ; A. Lecrenier, titanium, molybdenum, tantalum, nickel, 
and cobalt. If the alkali carbonate is free from salts of the heavy metals, aq. soln. 
(1 : 20), acidified with hydrochloric acid, will not be affected by soln. of hydrogen 
sulphide ; if free from chlorides, the aq. soln. acidified with nitric acid, will not give 
an opalescence with silver nitrate ; if free from sulphates, the aq. soln. when acidified 
with hydrochloric acid, and boiled with a soln. of barium chloride, will give no 
turbidity on standing some hours ; and if free from sulphides, sulphites, or thio- 
sulphates, the yellowish-white precipitate obtained by pouring one c.c. of the aq. 
soln. into 10 o.c. of $N-silver nitrate soln. should not become darker in colour 
(grey, brown, or black) when heated to 60°-70°. The presence of nitrates is detected 
by the ferrous sulphate test ; and phosphates, by the ammonium molybdate test. 
Potassium cyawide is detected by dissolving 0'5 gTm. of ferrous sulphate in 5 o.c. 
of water, adding 5 c.c. of a 5 per cent. soln. of the carbonate, and one or two 
drops of ferric chloride, warming to 60° or 70° ; and aoidifying the soln. with 
hydrochloric aoid. A green coloration or a blue precipitate should not appear. 
To test for silica, evaporate to dryness a soln. of 5 grms. of the carbonate with 
20 c.c. hydrochloric acid and 20 c.o. of water ; dry the residue at 120°, and dissolve 
in a soln. 25 o.c. of water and 3 c.c. of hydrochloric acid ; the soln. should be clear. 
To test for alumina, add 12 c.c. aqua-ammonia to a soln. of 5 grms. of potassium 
carbonate in 25 c.c. of water, and 25 c.o. of dil. acetic aoid, and warm the mixture 
for half an hour on the water-bath — no precipitation should occur. The alkaline 
soln. will give no turbidity with oxalic acid if calcium salts be absent. Ammonium 
salts are detected by Nessler’s test ; arsenic, by Marsh’s' test ; iron salts, by the 
ammonium thiocyanate test. 

The purification of sodium carbonate. — According to J. L. Gay Lussao, sodium 
carbonate is obtained of a high degree of purity by repeatedly crystallizing the 
commercial salt. The soln. obtained by dissolving the crystals in a little water, is 
boiled and treated with ~ 7 th part of calcium hydroxide, and the clear soln. is then 
recrystallized until the crystals are free from sulphate and chloride. The soln. is 
best agitated when the crystals are forming, so that the finely granular product is 
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more easily separated from the less pure mother liquid. The anhydrous carbonate 
is best obtained from the hydrocarbonate because the hydrated carbonate during 
ignition first melts in its water of crystallization, and consequently gives some 
trouble, and also because the hydrocarbonate has a low solubility in water, and 
can be readily obtained free from sulphates and chlorides by washing the granular 
salt with distilled water, or by recrystallization from a soln. of the salt in five 
times its weight of water. 

A. Gawalowsky purified the commercial salt by boiling it with freshly precipitated 
lead carbonate, adding sodium hydrocarbonate to the decanted liquid, and evaporat- 
ing in vacuo, when sodium hydro carbonate crystallizes out. The mother liquid 
is evaporated, and the first washings rejected. The main fraction is redissolved, 
crystallized from water with refined wood charcoal, and filtered through platinum 
wool. 

The preparation of lithium carbonate. — C. G-. Gmelin 14 noted that transparent 
lithium hydroxide gradually becomes opaque on exposure to the air owing to the 
absorption of carbon dioxide. J. J. Berzelius prepared lithium carbonate, Li 2 C0 3 , 
by adding barium acetate to a soln. of lithium sulphate, evaporating the filtered 
liquid to form lithium acetate, and calcining the acetate to form the carbonate ; 
L. Troost treated with carbon dioxide the lithium oxide obtained by heating 
a mixture of lithium nitrate and coppor. J. J. Berzelius also prepared lithium 
carbonate by treating a cone. soln. of lithium chloride with an excess of ammonium 
carbonate, and washing the precipitated carbonate with alcohol. J. S. Stas 
employed the last-named process, foT he poured a soln. of lithium chloride (1 : 1) 
into an excess of a soln. of ammonium carbonate in aqua ammonia, and heated the 
mixture on a water-bath so long as tho precipitate did not increase in bulk. About 
half the lithium in the original soln. was thus obtained as a granular precipitate ; if 
the precipitation be made in the cold, about one-third is obtained in a slimy form 
difficult to wash. The granular precipitate was washed with dil. ammonia. If 
the precipitation be made with sodium or potassium carbonate, L. Troost showed 
that these alkalies cannot be removed by washing. To purify the lithium carbonate 
so obtained, L. Troost and J. S. Stas both recommended dissolving it in water 
through which a stream of carbon dioxide is passed, and thon boiling the soln. 
Crystalline lithium carbonate is prooipitated. It is to be dried at 200°. F. Stolba 
has also described a method of purifying tho salt. Tho slow evaporation of aq. 
soln. of lithium carbonate gave A. Arlvodson small prisms; L. Kralovansky, 
small ouboB. F. A. Fliiokiger also obtained crystals a millimetre long by evaporating 
on the water-bath, a soln. sat. at 15°. 

The preparation of rubidium and csesinm carbonates. — R. Bunsen 15 made 
rubidium carbonate by treating rubidium sulphate with barium hydroxide, and 
evaporating the filtrate to dryness with ammonium carbonate, when crystals of 
the carbonate separate. R. Bunsen also transformed rubidium chloride into 
carbonate by first heating the chloride with nitrio acid to convert it into the nitrate, 
and then treating tho latter with an excess of oxalic acid. The oxalate is con- 
verted to carbonate by calcination. H. L. Wells made caesium carbonate by 
L. Smith’s process, viz., by evaporating to dryness a mixture of caesium nitrate with 
twice as much oxalio acid, dissolved in a little water, and calcining the residue in 
a platinum crucible. Caesium carbonate forms a syrupy liquid which crystallizes 
with difficulty. 
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§ 29. The Manufacture of Soda by N. Leblanc’s Process 

The manufacture of soda is one of the greatest if not the greatest of the benefits which 
modern, science has conferred upon humanity. — A. Anastasi. 

Near the end of the eighteenth century the difference between the two fixed 
alkalies — potassium and sodium carbonates — was known ; sodium carbonate barilla 
was largely made from the ashes of sea plants, and potash from the ashes of land 
plants. The Arabs also had brought some natural soda into Europe, vid Spain. 
These -sources were not sufficient to cope with the demand for alkali for the manu- 
facture of soap, glass, etc. Potash was at that time the cheaper and dominant 
alkali. With the steadily increasing demands for alkali and the very limited 
sources of supply presented by the incineration of wood, many attempts were 
naturally made to substitute the base of common salt, because that with a suitable 
method of extraction nature has provided inexhaustible, abundant, and cheap 
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stores of that salt as a raw material. The quest for a cheap method of extracting the 
basal alkali from common salt was stimulated by the offer of a prize of 2100 livres 
by VAoadimie des Sciences of Paris in 1775, for the manufacture of artificial soda 
from common salt. The first claimant was Efere Malherbe in 1778, who calcined 
a mixture of sodium sulphate, metallic iron and charcoal in a reverberatory furnace, 
and extracted the soda from the cold product by lixiviation with water. A factory 
■was started at Javel in 1779, but was short-lived. 

In 1781, Bryan Higgins patented a similar process in London ; in this, sodium 
sulphate was melted with charcoal and then mixed with iron or other metals. 
A day after B. Higgins’ patent, A. Eordyce patented a similar process in which iron 
oxide — the calx of iron— was used instead of iron. G. de Morveau and M. Carny 
erected a factory for making soda by a process based on C. W. Scheele’s observation 
that when a mixture of common salt and lime is exposed to the air, an efflorescence 
of soda gradually develops on the surface. About the same time, M. de la Metherie 
proposed to ignite sodium sulphate with coal, and to extract the carbonate from the 
product. The sulphurous vapours given off were to be used for the manufacture 
of sulphuric acid for converting the sodium chloride into sulphate. Unfortunately, 
sodium sulphide, not carbonate, is the main product of the reaction. Hone of 
the factories erected for the application of these processes had any success, and 
could not oompete with barilla in price or quality. 

M. de la Methirie’s impractical process suggested to Nicolas Leblanc, about 
1787, the proper soln. of the problom, and, after a favourable report had been 
made by J. P. J. d’Arcet in 1790, a works was erected at St. Denis under 'the 
patronage of the Duke of Orleans. A sealod description of N. Leblanc’s process 
was deposited with the notary on March 27, 1790 ; and a patent was granted 
to N. Leblanc on September 25, 1791. The essential features of the process therein 
described are not very different in principle from the process as used to-day : 

100 lbs. of anhydrous sodium sulphate, 100 lbs. of pure limestone or ohalk from Mendon, 
and 50 lbs. of charcoal are crushed and mixed boUvoon iron rollers. The mixture is spread 
out in a reverberatory furnace, tho working-holes are closed, and firo is applied ; the 
substance gets into a pasty condition, froths up, and is converted into soda, which is only 
distinguished from tho soda of commerce by a highor strength. The mass must be fre- 
quently stirred up during tho fusion, for -which iron rakes, spatulas, etc., arc employed. 
From the surface of the fluxing mass a largo number of Jlamos broak forth' similar to tho 
flame of a candle. As soon its this phenomenon bogins to ceaso, the operation is finishod. 
The batch is thou drawn out of tho furnace with iron rakes, and can bo collected in any 
kind of moulds in order to give it tho shape of tho commorcial blocks of soda. The opera- 
tion, may also be oarriod on in olosod vessels, such as crucibles, but thereby becomes more 
costly. Tho proportions of tho raw materials may bo changed ; for instanco, less limestone 
and coal may bo taken ; but tho above proportions have given the best results. The 
quantity stated furnishes upwards of 150 lbs. of soda. 

The factoty prospered very well until 1793, when the Duke of Orleans was 
guillotined by tlie Drench Revolutionists, and the works confiscated and scattered 
by public sale. The isolation of the Drench as a consequence of the revolutionary 
wars cut off the supplies of potash, and curtailed those important industries depen- 
dent on this raw material. The Comiie de saht public issued an appeal to tho 
Frenoh chemists to utilize all materials natural to their own country so as “ to 
render abortive the efforts and hatred of despots ” ; this committee also annulled 
N. Leblanc’s patent, and, for the benefit of the state, compelled N. Leblanc 1 to 
make known his process for manufacturing soda. Tho tragic story of the ruin of 
N. Leblanc is told by A. Anastasi in his work Nicolas Leblanc , sa vie , ses travaux 
et Vhistoire de h soude artifiddle (Paris, 1884=). Although N. Leblanc fairly won 
the Academy’s prize, it was never paid over to him ; nor did he receive any more 
than the mockery of a compensation for the confiscation of his works and his 
process. N. Leblanc, in the bitterest poverty and despair, died by his own hand 
January 16, 1806 ; eighty years later a statue was erected to his memory in tho 
Conservatoire des Arts et Metiers, at Paris I * 
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Other works using N. Leblanc’s process were started in Paris, Disuse, 
Thann, Chauny, Alais, and Marseilles — the centre of the French soap industry. 
These works were more successful. In England, W. S. Losh, of Walker-on-Tyne, 
visited France during the Peace of Amiens (1802), and there learned necessary 
details about N. Leblanc’s process, and, in 1814, he made small quantities 
of soda by the French process. C. Tennant, of St. Rollox, introduced the process 
in 1818. The salt tax, at that time £30 per ton, hindered the development of the 
soda industry, and when that tax was repealed, James Muspratt commenced the 
manufacture on a large scale. This was done in 1823. There was a difficulty at 
first with the soap-makers accustomed to work with barilla and kelp alkali. Although 
the new soda was purer and stronger, prejudice had to be overcome by J. Muspratt 
giving away large quantities. Once the soap-maker’s recipes had been adapted 
to the new soda, the demand for the Leblano soda was very great. Apart from a 
few works in the Midlands and Scotland, the alkali industry is concentrated in South 
Lancashire and Tyneside, where coal and salt were close at hand. In Germany, 
the first Leblanc soda was made at Schonebeck near Magdeburg — the output in 
1843 was 200 tons per annum— another small works was established at Ringkuhl 
near Cassei, and later still, numerous alkali works were established in various parts 
of the country. The first alkali works in Austria was erected in 1851 at Hruschau 
(Moravia) ; a second one, about the same time, at Petrowitz (Silesia) ; and anothei, 
the largest of all, at Aussig in 1856. The Leblanc soda process for the conversion 
of common salt into sodium carbonate involves three major operations : (1) The 
conversion of sodium chloride to the sulphate — salt-cake process. (2) The con- 
version of the sulphate to black ash — a mixture of calcium sulphido, sodium car- 
bonate, etc. (3) The extraction of sodium carbonate from black ash by lixiviation 
with water and subsequent crystallization from the aq. soln. The various opera- 
tions have been described in much detail in Cr. Lunge’s A Theoretical and Practical 
Treatise^ on the Manufacture of Sulphuric Acid and Alkali (London, 1895). 

(1) Conversion of sodium chloride into sodium sulphate— salt-cake — The 
first stage in the process is to convert the sodium chloride into sodium sulphate by 
the action of sulphuric acid. 

Half a ton -of salt is charged into large iron pans — 9 to 10 ft. in diameter, end 2 ft. 
deep — and an equal weight of sulphuric acid of sp. gx. 1*7, from Glover’s acid tower is run 
into the pan from a lead cistern. The pan is heated by hot gases from adjacent furnaces, 
when torrents of hydrogen chloride — pan-gas — are given off. The reaction is mainly 
that symbolized: H a S0 4 -f-NaCl=NaH.S0 4 -)-HCL 65 per cent, of the hydrochloric acid 
escapes through a flue and is absorbed by water to form pan-acid. Good oast-iron pans 
will stand several thousand charges before they are eaten through ; tho oast iron should 
be of uniform composition and free from graphitic oarbon and silica. If salt-cake is desired 
very free from iron — -e.gr. for making special forms of glass — loadon pans are used — but 
these are costly, and liable to melt if slightly over-heated. The residue is then raked from 
the pans into the hearth of a reverberatory furnace, or, in the more modern furnaces, in 
order to avoid contamination with fuel ash, the residue in the pan is raked into a muffle 
or blind-roaster, where the mixture is roasted at a higher temp, whilo it is stirred with iron 
rakes. Here the reaction is that represented by the equation : NaCl+NaHSO t =No^SO, 
-j-HCL The esoaping hydrochloric acid — roaster gas — escapes through a flue and is absorbed 
separately — roaster acid. The product in the furnace is discharged into iron trucks. About 
twelve charges are worked in each furnace every day. The style of m uffl e usually employed 
is the so-called plus pressure furnace devised by W. Deacon in 1876, This is intended to 
prevent the escape of hydrogen chloride through any leaks in the walls of the m uffle whereby 
the gas passes into the flues and thence into the atm. without condensation. This is 
effected by ma k i n g the draught stronger inside the muffle t han in the surrounding flues ; 
otherwise expressed, there is a greater press. — plus press. — in the flues than in the muffle. 
II there is a leak in the muffle therefore a little flue gas will enter the muffl e when it does 
comparatively little harm, and stops complaints about the escape of hydrochloric acid 
from the chimneys. 

Many attempts have been made to carry out the operations automatically in mechanical 
furnaces so as to avoid the disagreeable operation which attends the unavoidable escape of 
pungent acid vapours through the working doors during the stirring up of the charge in 
nan or roaster. The most successful of these is the furnace devised by J. Mao tear in 1879, 
Anis furnace has a circular revolving bed covered by a fixed arch. The furnace gases pass 
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between the revolving bed and th^ fixed arch. The mixture is fed continuously into the 
middle of the bed and is raked by fixed stirrers towards the circumference, and finally 
drops over. The action is continuous so that the hydrochloric acid is evolved at a uniform 
speed. The acid-gas mixed with the flue gases, passes on to the cooling plant. The 
Hargreaves process for salt-cake — vide sodium sulphate — can also be used. 

The product of this reaction is sodium sulphate, also called salt-cake, which occurs 
in trade as a more or less granular mass, with more or less fused lumps. The latter 
may contain undecomposcd sodium chloride in the cores. The colour is yellowish 
or greenish-white — often white. G. E. Davis’ analyses 2 of sgfit-cake are : 

Salt-cake from Wa a S0 4 CaS0 4 PeS0 4 NaCl S0 8 H a O Insoluble sand 

Blind roaster . . 94-39 1*14 0-68 2-63 0-95 0-09 0*11 

Open roaster . . 96‘14 l’l 6 0-66 0'23 1*82 — 0-07 

Hargreaves’ . . 97-82 1-05 0-52 0*74 0-02 — 0-04 

G. E. Davis’ figures are rounded off to the second decimal, which even then repre- 
sents a greater accuracy than is possible by the methods of analysis available. 
The presence of both free sulphuric acid and undecomposed sodium chloride is* 
largely due to tho fact that the reaction : 2NaCl+H 2 S04=Na 2 S04+2HCI, is 
reversible, and would require a larger excess of sulphuric acid than is convenient 
to make it complete. 

(2) The conversion of salt-cake into black ash. — J. B. A. Dumas first attempted 
to explain the reaction in the black-ash furnace ; and his hypothesis was in vogue 
with slight modifications for many years. J. B. A. Dumas started from the wrong 
assumption that calcium sulphide is readily soluble in water, because neither 
hydrogen nor ammonium sulphides cause a precipitate in a soln. of calcium chloride. 
He then argued that if calcium sulphide were present in black ash, the subsequent 
lixiviation with water would set up a reaction between the calcium sulphide and 
sodium carbonate: Na 2 C0 3 +CaS— Na 2 S+CaC0 3 ; consequently, J. B. A. Dumas 
inferred that not calcium sulphide but an insoluble calcium oxysulphide, 2CaS.CaO, 
is formed as was previously suggested by L. J. Theuard. The supposed calcium 
oxysulphide is assumed to be insoluble in water in order to account for the retention 
of the sulphur by the insoluble residue and the non-appearance of considerable 
amounts of sodium sulphide in the water used in tho lixiviation of the black ash. 
He represents the initial and end-stages of the reaction by the equation: 
2Na a S0 4 -l-3CaCO 8 +9C=2Na 8 003+CaO.2CaS-bl00O. 

In 1817, B. Unger also investigated the subject, and agreed in the main with 
J..B. A. Dumas’ 3 hypothesis ; ho assigned the formula Ca0.3CaS to the supposed 
oxysulphide because II. Rose had previously prepared an analogous compound. 
In a later paper, B. Ungor devised a series of reactions in which steam played a 
vital part, but A. Schouror-Kostner showed that black ash can be made in a closed 
crucible with thoroughly dried materials. A. C. Brown also supported the Unger- 
Dumas hypothesis in assuming that tho coal first reduced the sodium sulphate to 
sulphide : Na 2 SC>4-HC— Na 2 S+lCO ; and that the sodium sulphide reacts with 
the calcium carbonate, forming sodium carbonate and calcium oxysulphide : 
3Na 2 S+lCaC0 3 — 3Na 2 00 3 +Ga().3CaS4-C0 2 . J. W. Kynaston oast doubts on 
the oxysulphide theory by showing that the alleged compound could not possess 
the stability in water ascribed to it by J. B. A. Dumas. 

In 1861, W. Gossage showed that oalcium sulphide is insoluble in water, and 
is but little attacked by sodium carbonate ; he also showed that the residue left 
after the lixiviation of black ash is a mixture of calcium monosulphide and carbonate, 
even when no sodium sulphide is present in the liquor ; and that if any sodium 
sulphide be present in the liquor, it is derived from the formation of calcium poly- 
sulphides in the black ash which can be prevented by using an excess of limestone. 
Both J. W. Kynaston and W. Gossage showed that no sodium hydroxide is present 
in black ash because (a) sodium hydroxide melted with black ash forms calcium 
oxide and sodium carbonate ; and (6) no sodium hydroxide can be extracted with 
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alcohol. W. Gossage expressed the reactions in the formation of black ash by the 
equation : 2N&2SO4-j-3CaCOg-} - 9C=2Na2CO3-f-2C&S-i-CaO~f-10CO, although he 

did not believe this carbon all goes away as carbon monoxide. A. Scheurer-Kestner 
also adopted G-ossage’s views, and showed that in the main reaction no carbon 
monoxide is formed ; he supposed that in the first stage of the reaction the sodium 
sulphate is reduced by carbon to the sulphide : Na 2 S0 4 +2C=Na 2 S+2C0 2 ; and 
that the calcium carbonate then reacts with the sodium sulphide to form sodium 
carbonate and calcium sulphide : 5Na 2 S+7CaC0 s =5Na 2 C03-{-5CaS+2Ca0 

+2C0 2 ; and that the carbon monoxide which appears towards the end of the 
operation when the temp, is much higher, is due to the action of coal on the lime- 
stone: CaCO s -f-C=CaO+2CO. A. P. Dubrunfaut accepted A. Scheurer-Kestner’s 
explanations, but assumed the equation : Na 2 S04+CaC03-HC=Na 2 C0 3 -fCaS 
+4C0, which is erroneous in stating that carbon monoxide, not carbon dioxide, is 
the gaseous product of the reaction. 

About 1865, E. Kopp, and P. W. Hofmann tried to revive the oxysulphide 
theory, but J. Pelouze refuted their arguments ; and after a long study of the 
reactions, J. Kolb confirmed A. Scheurer-Kestner’s work, but concluded that in 
the main reaction the calcium carbonate loses its carbon dioxide by the action of 
the carbon dioxide in the fire gases. A. Scheurer-Kestner then showed that in 
this last conclusion J. Kolb is in error, because black ash can be made in crucibles 
without any assistance from the fire gases ; that the decomposition of the calcium 
carbonate, even in the presence of coal, requires a higher temp, than the reduction 
of the sodium sulphide ; and that black ash is obtained by directly beating sodium 
sulphide with calcium carbonate. 

A. Scheurer-Kestner’s theory of the major changes which go on in the black-ash 
furnace is thus a simple one : 

The mixture occupies a depth of several inches on the fumace-bed. Its upper portions 
are first reduced, and that to a considerable extent before the surface is renewed by working 
with the tools. The quicklime which had formed in the pasty layer at the surface is again 
converted into carbonate by the C0 2 arising from the reduction of sodium sulphate in the 
lower layers. At the moment when the sodium sulphide fuses, it penetrates the chalk, 
and they are mutually decomposed. When all the sulphate has been reduced and the 
evolution of CO a becomes less, the temp, of the mass rises and the calcium oarbonate in 
excess begins to decompose with evolution ot CO. The evolution of this gas is a valuable 
sign for marking the completion of the operation. Since it only occurs when the mass 
begins to stiffen, it imparts to it that porosity so valuable for lixiviation. If the carbon 
required for the reduction of the sodium sulphate and the decomposition of the chalk be 
taken into account, the reaction may be expressed by the following three oquationg : 
(i) Na a S0 4 +2C=KTa 8 S+2C0 3 ; (ii) Na^+CaCOa^Na.CO.+CaS ; and CaCO.+C 
=CaO+2CO. 

The major reactions are complicated by a number of minor or secondary reactions, 
and by impurities in the raw materials. As a result tho black ash may contain 

to pet cent, of sodium silicate ; | to H per cent, of sodium al umin ate ; 1 per 
cent, of sodium ferrous sulphide ; small proportions, of sodium cyanide and thio- 
cyanate derived from the nitrogen of the coal ; a relatively small amount of ultra- 
marine ; etc. Proposals to use barium carbonate, etc., in place of limestone in 
the black-ash process are indicated in connection with the preparation of sodium 
carbonate from sodium sulphide. 

The salt-cake is mixed with limestone and coal in the proportions 100, 100, 35*5 — the 
theoretical proportions are 100, 7 9 4, 16 ’9. The mixture is heated to a high temp, in a 
reverberatory furnace which is termed the baUing furnace or black-ash furnace. The charge 
is worked on the hearth of the furnace by men with iron rakes. The reaction begins as 
soon as the mass sinters together, and then progresses rapidly and completely. The end 
of the operation is indicated by the appearance of yellow flames or ‘“candles ” on the 
surface of the melt — presumably owing to the formation of inflammable carbon monoxide 
by a reaction between the carbon ana the limestone at the high temp, of the furnace : 
OaCOj-f C«=CaO-l-2CO. This evolution of gas makes the lumps or “balls ” which are 
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transferred to iron waggons where they are allowed to cool. The dark-coloured mass is 
in this stage called black-ash ball. The sodium sulphate is reduced by the carbon, and 
the resulting sodium sulphide reacts with the limestone, forming a mass which when treated 
with water furnishes calcium sulphide and sodium carbonate. The initial and end-stages 
of the reaction are symbolizod : Na»S0 4 -f CaC0 3 +2C=Na„C0 3 -{-CaS+2C0 4 . In place 
of tho old hand-labour balling furnace, several types of revolving: furnace have been devised 
(Fig 61). G. Elliot and W. Russell’s furnace (1853) was found to give too hard an ash ; 
but the “ revolver ” patonted by J. 0. Stevenson and J. Williamson in 1855 was the first 
successful revolving furnace. Here, the hot gases from the producer gaB pass through the 




Fig. 61. — Revolving Black-ash Furnace. 


cylinder containing the mixture of salt-cake, limestone, and coke. The slow revolution 
of the cylinder onsuros tho thorough mixing of the contents. When the yellow flame of 
carbon monoxide appears, the contents of the cylinder are discharged into iron trucks. 
Tho dark-grey or brown porous mass so obtained is called black ash. The black ash is allowed 
to weather for a day or two when it becomes moro porous. It is then ready for lixiviation. 

In the early days black ash was sent direct to the soap-makers ; and for a time 
was known as British barilla. Tho product deteriorated rapidly when kept, and 
does not now appear as an article of commerce. Black ash contains 40 to 45 per 
cent, of sodium carbonate ; 30 to 33 per cent, of calcium sulphide ; 2 to 6 per cent, 
of calcium oxide ; (5 to 10 per cont. of calcium carbonate. Gb E. Davis 4 gives for 
the analysis of a sample : 

Soluble — 43-00 per cent. 

NaaOOa Na a 0 NaCl Na a H0 4 Xa,,S a 0 3 Ka a S NaCy NaSCy 

31-81 5-61 2*57 0*19 0-07 0-85 0'10 0-04 0*02 

together with sodium aluminato 0‘75 per cent., and sodium silicate, 0*91 per cent. 

Insoluble — 56-47 per cent. 

CaH OaOOj CaO FoS A1 3 0 8 S10 fl MgO Na„0 Carbon 

28-74 927 9*49 0*77 1 04 0 92 0‘32 0’57 4-48 

together with 0*87 per cont. of sand. G-. E. Davis’ numbers are here rounded off 
to tho second dooimal, since it is doubtful if the analytical methods admit of such 
a degree of accuracy ; tho minuteness 
of the specialization of the constituents 
also is in some cases of doubtful 
validity. B. Unger reported in the 
black ash of the Kingkuhl works : 

Titanium, 0‘015 per cont. ; copper 
and molybdenum, 0*025 ; phosphorus, 

0*023 ; ’ - tantalum, 0*017 ; fluorine, 

0*014 ; barium, 0*014 ; nickel and 
cobalt, 0*013 ; manganese, 0*013 ; and 
lead, 0*013 per cent. A. Scheurer- 
Kestner found a little selenium in black ash ; C. R. Fresenius, arsenic ; and 
C. F. Rammelsberg, vanadium. 

If blaok ash be exposed to the atm. under ordinary circumstances it soor 
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exhibits a change. J. Kolb showed that carbon dioxide and moisture are the 
active agents, since air deprived of these constituents has very little action on black 
ash between 0° and 100°. Dry carbon dioxide has no more action on dry black 
ash than it has on quic klime ; but moist carbon dioxide converts the calcium oxide 
into carbonate, so that no sodium hydroxide is formed, and it also acts on the calcium 
sulphide, forming calcium carbonate and hydrogen sulphide. Part of the latter 
escapes, and another part forms calcium hydrosulphide which, with water, forms 
sodium sulphides — Na 2 S and Na 2 S 2 . Moist air, in the absence of carbon dioxide, 
is gradually absorbed ; the lime is hydrated ; and the black ash gradually crumbles 
into fragments, and finally into dust. The sulphides are gradually oxidized to 
sulphates. The amount of sodium carbonate also gradually diminishes on keeping. 

(3) The extraction of sodium carbonate from black ash. — The black ash is 
rapidly lixiviated with warm water so that as little as practicable will be used. 
The water, below 35°, passes through a series of tanks containing the pulverized 
mixture. F. Clement and J. B. D6sormes’ system of washing is based on the fact 
that the soluble matter dissolves more quickly if placed just below the surface than 
if placed on the bottom of the vessel, where it is covered by the cone. soln. which 
prevents contact with the water higher up. Hence, F. Clement and J. B. Desormes 
placed the material to be lixiviated in perforated vessels just below the level of the 
liquid. What is erroneously called J. Shanks’ lixiviation process is most commonly 
used. The lixiviation here works on the discontinuous counter-current principle- 
Fresh water passes through the tank containing the ash which is almost all extracted ; 
and the water, almost sat., passes through the black ash fresh from the furnace. 
The liquors are conveyed from the bottom of one tank to the top of another by 
means of syphon pipes fitted with stopcocks. 

The tank liquid is allowed to settle and then cone, by evaporation in shallow 
pans heated by the waste heat from the black-ash furnace, Figs. 61 and 62. The 
dark-coloured crystals of monohydrated sodium carbonate, Na 2 C0 3 .H 2 0, which 
separate are fished out with skimmers and recrystallize to form the decahydrated 
carbonate, Na 2 C0 8 .10H B 0, or else calcined — it is called orude soda ash. The latter 
is further purified by exposing it to a current of hot air in order to oxidize the 
sulphides to sulphates. The sulphides impart a slight yellow tinge to the mass. 
The tank liquid is sometimes treated with carbon dioxide so as to convert the 
caustic soda and sodium sulphide into sodium carbonate. The soda ash, Na 2 C0 8 , 
is then crystallized from water when soda crystals (washing soda) are wanted — 
Na 2 CO s .10H 2 O. The carbonate from the Leblanc process has been employed for 
the production of sodium hydroxide. * 

The action of water on black ash during the washing involves a complex series 
of chemical changes which have been studied by J. Kolb, A. Scheurer-Kestner, 
and J. Pelouze. Calcium sulphide with water gradually forms soluble calcium 
hydrosulphide : 2CaS4-2H 2 0=Ca(SH) 3 +Ca(OH) s . Sodium chloride decreases 

the solubility of calcium sulphide in water ; sodium sulphate acts in the same direc- 
tion ; limewater has no perceptible influence on the solubility of calcium sulphide. 
Sodium carbonate has very little action on calcium sulphide, but the speed of 
decomposition increases with dilution, time, and temperature. There is no evidence 
of free sodium hydroxide in normal black ash ; the sodium hydroxide which is 
found in the tank liquor is due to the action of the free lime of the black ash upon 
the sodium carbonate, forming sodium hydroxide and calcium carbonate. The 
causticity of the tank-liquor is not materially altered by the proportion of water, 
but it increases with the time of digestion and the temp. There are only traces of 
sodium sulphide in good black ash, but on treating black ash with water varying 
quantities appear — usually the monosulphide, because the free alkali converts the 
polysulphides to monosulphide. The proportion of sodium sulphide in the tank 
liquor increases like the sodium hydroxide with the time of digestion and the temp., 
but increases very little with an increase in the quantity of water. There is no 
relation between the amount of sodium sulphide and hydroxide in the tank liquor, 
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showing that the sulphide is probably formed from the carbonate, not the hydroxide. 
Consequently, the calcium sulphide reacts with sodium carbonate, forming sodium 
sulphide and calcium carbonate ; the oxygen of the air oxidizes the calcium sulphide 
to calcium sulphate, which in turn reacts with sodium carbonate, etc. All these 
reactions reduce the yield from the process. J. Kolb concluded that in order to 
get the smallest possible proportion of hydroxide and sulphide in .the tank liquor, 
the black ash should be lixiviated as quickly as possible, with the smallest possible 
proportion of water, at the lowest possible temp. 

F. M. Chance’s analysis of the tank-waste, dried at 100° in nitrogen, shows : 

CaS 0aC0 3 Ca(OH)* CaSO< 2ia a O Al a O a ffeS MgO 8 

30-17 19-88 1-22 trace 0-84 0‘91 0*67 0*43 0'47 

with 1’29 per cent, of combined silica ; 8-46 per cent, of coke ; 1*34 per cent, of 
sand ; and 35'01 per cent, of moisture. The total sulphur present aB sulphides 
of calcium and iron is 13' 05 per cent. It will be observed that sulphur is the 
intermediate agent in converting the chloride to carbonate. It comes in the 
process as sulphuric acid, and is finally rejected mainly as calcium sulphide in 
the tank- waste. This sulphur was formerly rejected with the alkali waste which 
accumulated about the works and beoame an unmitigated nuisance the more 
unbearable as the industry increased in magnitude ; for in damp weather the hydrogen 
sulphide which is emitted infects the air for a great distance ; the polysulphides 
which are leached out by water pollute rivers and streams for miles around. For 
every ton of soda ash produced there is about 1| to 2 tons of waste. More than 
1000 tons are deposited at Widnes every day ; and it is estimated that 150,000 
tons of sulphur valued at £400,000 was annually wasted until a practical soln. of 
the problem of recovering the sulphur had been obtained. 

When exposed to air, the tank- waste soon changes under the influence of 
oxygen, water, and carbon dioxide. The oxidation of the Bulphides may occur so 
rapidly that the heap becomes red hot, and sulphur dioxide is formed. The action 
of carbon dioxide, sulphur dioxide, and sulphuric acid on the sulphides liberates 
hydrogen sulphide. The insoluble calcium sulphide is also oxidized, forming soluble 
calcium hydrosulphide, Ca(SH)^.6H 2 0 ; polysulphides ; thiosulphate, sulphite, 
and sulphate ; • the corresponding sodium salts are also formed. The subject has 
been investigated by M. Schafiner, 1 * * * 5 * C. Kraushaar, E. Divers and T. Shimidzu, 
and V. H. Veley. According to E. Divers, the whole oxidation of tank waste con- 
sists in the oxidation of hydrogen sulphide which is evolved from it, and which 
forms water and sulphur. The latter acts on calcium hydroxide, forming calcium 
pentasulphide, OaSg, and thiosulphate : 3Ca(0H)2+12S==CaS 2 03+2CaS 6 +3H20 ; 
and in presence of calcium hydrosulphide, Ca(SH) 2 , the pentasulphide is also oxidized 
to thiosulphate : Ca$ B +30a(SH) s +6()2;== 4CaS 2 0 3 -|-3H2S. 

Various proposals have boon, made for utilizing tank waste, but many axe quite 
insufficient for dealing with large quantities. It has been proposed as a remedy 
for dry rot (G. Juncker) 8 ; for potato and vine diseases (F. Liesching) ; for building 
purposes when mixed with sand, etc. (H. Deacon, F. Kuhlmann, F. Varrentrapp) ; 
mortar and cement ; bottle glass (G. Lunge) ; asphalt pavement (C. T. Kingzett) ; 
etc. The more rational treatment of alkali waste is founded on the recovery of 
the sulphur. G. Lunge thus classifies the various proposals for the recovery of 
the sulphur : 

1. Combining tho sulphur with iron or in other ways, for example, J. L. Bell 7 made a 

kind of artiGoial pyrites by molting tank waste with burnt pyrites along with coke and 

day. D. B. Hewitt heated the tank waste with silica to form calcium silicate, and sulphurous 

and sulphuric oxides which are collected and utilized ; H. Bomtrfiger made ferrous sulphide 

by oompressing alkali waste with water and pyrites cinders and burnt the sulphide for 

the manufacture of sulphuric acid. The Verein Chemischer Fabriken in Mannheim manu- 

factured sodium sulphide from it by exposing a mixture of alkali waste and sodium sulphate 

to the action of steam under 5 atm. press. The sodium sulphide liquor is easily separated 
from the calcium sulphate. W. Helbig also boiled the alkali waste with a soln. of sodium 
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carbonate or tank liquor, and obtained a soln. of sodium sulphide which was crystallized 
and used in tanning. 

2. Partial recovery of the sulphur by accelerated weathering (oxidation), Iixiviation, 
and "decomposition with acids. Sulphur and sodium thiosulphate can thus be obtained. 
T. H. Leighton lixiviated the oxidized waste and precipitated sulphur from the liquid by 
hydrochloric acid. W. H. Losh, E. Kopp, J. Townsend and J. Walker, J. L. Jullion, 
and A. Noble obtained sodium thiosulphate from oxidized tank waste. The oxidation 
is effected by blowing air and steam through a suspension of waste in coke towers, or by 
exposing the waste to the air for a week with occasional raking. The calcium thiosulphate 
which is then leached by water from the oxidized product is converted into sodium thio- 
sulphate by the addition of calcium carbonate. In M. Schaffner, and in L. Mond’s process, 
the ftlirnli waste is treated for the recovery of sulphur. A yellow liquid is obtained from 
the weathered or oxidized tank waste ; the yellow liquid is treated with acid so that all the 
sulphur, excepting that oxidized to sulphate, is precipitated. The sulphur is then separated 
from the calcium sulphate by a liquation process. The two processes are fundamentally 
alike, but differ in detailed procedure. 

3. Transformation of the sulphur into hydrogen sulphide and utilization of the latter. 
In C. F. Claus and F. M. Chance’s process, the residue in the tanks remaining after the 
sodium carbonate has been extracted is dried, finely powdered, and suspended in water. 
In A. M. Chance’s process carbon dioxide is forced through the liquid and hydrogen sulphide 
is driven off: Ca(SH)j+C0 2 +H a 0 =CaC0 3 -f-2H a S. The sulphur is now recovered from 
the hydrogen sulphide by the catalytic process of C. F. Claus. The hydrogen sulphide 
mixed with sufficient oxygen to bum the hydrogen, but not the sulphur, is passed into a 
kiln containing iron oxide. By catalytic action, the iron oxide accelerates the oxidation 
of the hydrogen sulphide: 2H 2 S+O s =2H 2 0+2S. Most of the sulphur which separates 
collects as a molten fluid at the bottom of the kiln or in an adjoining brickwork chamber, 
and is periodically run off. From 66 to 86 per cent, of the sulphur is thus recovered and 
used again for making sulphuric acid. The oxide of iron is gradually oonverted into sulphide, 
and this is perhaps more efficient as a catalytic agent than the original oxide. 


A factory in which soda ash is made is called an alJutli works. A works using 
the Leblanc process is divided into several departments : (1) The acid works where 
sulphuric acid is made : (2) Salt-cake works ; (3) Black-ash works and Iixiviation ; 
(4) White-ash (soda ash) works or caustic soda works ; (5) Bleaching powder works 
where the hydrogen chloride from the salt-cake works is converted into chlorine, 
and the latter converted into bleaching powder ; and (6) Sulphur extraction from 
tank-waste. The following is a diagrammatic representation of the Leblanc process : 
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It illustrates the different stages in the manufacture of soda by the Leblanc process. 
The sulphur cycle in that process is also illustrated diagxammatically by the scheme : 

w Na a SO a 

Pyrites— >H jS 0 4 ^ CaS (Black ash) 

^ H s S * 

the 15 to 35 per cent, loss of sulphur has to be made good in the form of pyrites 
for the manufacture of sulphuric aoid. 
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§ 30. The Ammonia-Soda or E. Solvay’s Process 

It can hardly be affirmed that tho scientific treatment of the ammonia-soda process 
through recent progress in physical chemistry has given the practical manufacturer any 
hints on the direction in which ho might make his processes more rational and advantageous 
than before, but there remains the hope that the desired success will be ultimately obtained 
by a co-operation of theory and practice. — G. Lunge (1911). 

The history of tho ammonia-soda process has been the subject of some contro- 
versy. It isprobable that the basal reaction involved in the ammonia-soda process : 
NaCl-f-KH 4 HC 03 v^NH 4 Cl+NaHC 0 8 , was placed before the Trench tribunal in 
competition with N. Leblanc’s process, but was rejected. Several attempts appear 
to have been made to deal with the process, but they were not a commercial success 
until E. Solvay’s modification of the process was founded. According to E. Lucian, 1 
the letters addressed to A. J. Fresnel show that in 1811 he worked on the pre- 
paration of sodium carbonate by the action of ammonium carbonate on sodium 
chloride. The recovery of the ammonia was not considered at that time, and the 
invention soon sank into oblivion. A. J. Fresnel himself was fully occupied in 
researches in optical phenomena. A. Yogel reported that he found a memorandum 
in his father’s note-book dated 1822, in which it is recorded that sodium hydro- 
oarbonate and amm onium chloride are formed when ammonia and carbon dioxide 
jointly act on a soln. of sodium chloride. According to W. Smith, and L. Mond, 
J. Thom, in 1836, made about 200 lbs. of soda ash per day by the action of com- 
mercial ammonium carbonate on a cone. soln. of sodium chloride, the sodium hydro- 
carbonate was converted into soda ash, and the ammonia recovered by evaporating 
fcha mother liquor, and heating it with lime. According to B. L. Vanzetti, also, 
G. Fomi of Milan, in 1836, made a trial of preparing sodium carbonate by the 
ammonia process, which he described in a pamphlet, Della soda arteficiata, e nuovc 
metodo d’estrazione del carbonato di soda (Milano, 1841). It is doubtful if the work 

vol. n. ,3 b 
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of A. J Fiesnel, A Vogel, J. Thom, and G. Form had any influence on the develop- 
ment of the ammonia-soda process, fox it remained entirely fruitless. As G. Lunge 
has emphasized : 


If the observers themselves do not thmk it worth the trouble to publish their observa- 
tions, or else to follow them up on a larger scale, their woik is lost f 01 mankind, and does 
not constitute any claim tor being recognized by posterity as the germ of the invention 

The real history of the ammonia-soda process of manufacturing sodium carbonate 
more properly commences with the patent of H G. Dyar and J. Hemming on June 
30th, 1838 This patent distinctly sets forth the reaction : NaCl+NH^HCOg 
=NH 4 Cl+NaHC0 8) and describes means of carrying out the operation on a manu- 
facturing scale, so as to recover the ammonia as carbonate for use over and over 
agam Experimental factories running H G Dyar and J Hemming’s process were 
erected m England, Germany, and Austria, but none were very successful, probably 
because the operations involved a considerable loss of ammonia. Patents were 
taken out by A. A. Canning (1840), H. Watexton (1840), W Chiflholm (1862), 
W. Grosaage (1854-5), M Truck (1854-5), T. SchJosmg (1854), H Deacon (1854), 

* A. E L. Bellford (1855), T Bell (1857), and G. H. Ozouf (1864), principally fox 
minor operations connected with the process. 

About 1854, T. Schlosmg patented a modification of the process, and m con- 
junction with E Holland, started a works at Pukeaux, near Paris, for the manufacture 
of soda ash by a continuous ammonia process, but the works closed in 1857— 
probably because of their imperfect mechanical arrangements, and of the ammonia 
wastage In 1858, D Heeren studied the chemical reactions mvolved in the 
ammonia-soda process, without advancing the applicability of the process E Solvay 
built a works at Comllet near Charleroi (Belgium) about 1863, and the factory 
started manufacturing near the beginning of 1865. According to G. Lunge : 

A period of continuous alterations, mishaps, and improvements set in which would 
have discouraged most other inventors ; but E Solvay held on to his cause m the full 
bebaf of its value . . It certainly required not merely ordinary energy and pre-eminent 
mechanical skill, such as Solvay did possess, but an almost fanatical belief in the enormous 
value of his invention, to battle with many years’ failures and heavy losses, till his conception 
had npened to its splendid realization. 

The factory gradually emerged from the adverse period of induction, such that, 
in 1869, the plant was doubled, and the output trebled. According to K. W. Jurisch, 
M. Homgmaim erected a small factory near Aachen, using a modification devised 
by himself, but was not very successful. E Solvay’s process now began to make 
rapid strides Other factories were erected m Belgium, France, Germany, Austria, 
Russia, Italy, America, eto The Brunner Mond Company’s factories in the North- 
wich district, and at Sandbach near Crewe, are notable As a result, while but 300 
tons were made m the years 1864^-68, 1,616,000 tons were made in 1902 , and 
3,000,000 tons m 1916 

The ammonia-soda process depends upon the fact that when a oono soln. of 
sodium chloride is sat. with ammonia, and carbon dioxide is passed through the 
mixture ammonium hydrocarbonate is formed ; this then reacts with the sodium 
chloride, and sodium hydrogen carbonate is precipitated, and ammonium chlonde 
remains in soln . the final stage turns on the balanoed reaction : NaCl+NH^HCOa 
*F^NaHC0 3 +NH 4 Cl The thermal value of the reaction, NaCl(96 2) 
+NH4HC0 8 (205 6)=NaHC0 8 (227*0)+NB^Cl(72 7), computed from the heats of 
formation of the four compounds concerned indicated in brackets is 299 7—301 8 
^=“—2*1 Cals It is probable that ammonium carbonate is formed in the first stage 
of the operation : 2NH 3 -f H2O+CO2— (NJJ^COg ; and this reacts with sodium 
chloride, producing sodium carbonate: 2NaCl+(NH 4 ) 2 C03^Na 2 C0 8 +2NH 4 Cl 
Sometimes, indeed, a little sodium caibonate is precipitated before all the ammonia 
is carbonated, or at any rate a little sodium carbonate is early precipitated, and 
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that remaining m soln is fmther carbonated Na 2 C0s+C0 2 +H 2 0=2NaHC0 3 , 
and then precipitated It is thought to be improbable that the ammonia is first 
converted into ammonium hydrocarbonate, NH4HGO3, which then undergoes double 
decomposition with the sodium chlonde, because (a) ammonium hydro carbonate 
is almost as sparingly soluble as sodium hydro carbonate in the mother liquids, 
and would therefore be precipitated , and (6) such a reaction would be endothermal, 
whereas the reaction is really -exothermal m agreement with . C0 2 -kH 2 0+Na 2 C0 s 
=2NaHC0 3 +18 4 Cals. The reactions are all reversible, and the proportion of 
sodium chloride converted mto the hydrocarbonate depends upon the relative 
cone, of the reacting salts 

The reversibility of the reaction was noted by D Heeren and T. Schlos mg , 2 
who found that the conveision of sodium chloride mto the hydro-carbonate stops 
with a two-thirds or four-fifths conversion , and J. A. Bradburn was able to reverse 
the reaction completely by blowing air through the mother liquid containing the 
sodium hydro carbonate when the ammonium carbonate formed by the action of 
ammonium chloride on sodium hydro carbonate waB carried away m a stream of 
air. An excess of ammonium hydrocaibonate is required to counteract the reversal 


of the reaction by the action of the ammonium chloride on the sodium hydro- 
carbonate E Solvay stated that he was able to decompose the sodium chlonde 
completely, but he later must have noticed 
that his yields fell short of this ideal state. 

H Schreib found that the proportion of 

sodium chlonde converted mto the hydro- 

carbonate depends on the ratio NaCl : NH S , 1 

and on the temp , but is scarcely affected by ff \V\ \ 

the press The basal reaction of the ammonia- /I 

soda process can be symbolized / j \\\ \ 

* m muL 0 X \ \\m ci 

NaCl+NHiHCOa^NaHGOj+NHiCl a\vJ 

whioh is a case of what J. H. van’t Hoff 

called a system of reciprocal salt pairs — dor t) — 

reciproJcen Sahpolare Several methods have muhco& 

been suggested for representing the com- ' — — “ r\ 

position of suoh systems graphically, by ^ G ‘ Solubility of the Four Salts 

t Lowenherz, E. Janecko, R, Krcmatm, 

W Meyerhofor, etc. P. P FedotiefE expresses another Salt. P 


his results m the following manner. The 

solubihty of sodium hydrogen carbonate, NaIIC0 8 , per litre of water at 0° is 
0 82— this is represented by OA , Fig 63 , the solubihty of sodium chlonde, 
represented by OB, Pig G3, is 6*09 , of ammonium chloride, NH 4 C1, repre- 
sented by 00, Pig. 63, is 5 57 ; and of ammonium hydrogen carbonate, repre- 
sented by OD> Fig. 63, is 1*52 The points corresponding to sat soln of a 
pair of salts with a common ion — say, sodium and ammonium chlorides — are con- 
structed by marking oil the content in NaHOO^ on the OA axis, and marking oS 
the content of sodium chloride on the OB axis The point E represents soln. 
sat with both ammonium hydrogen carbonate and sodium chloride— 0*09 and 6*0 
respectively , F, soJn sat with sodium and ammonium chlorides, 4*89 and 2*73 
respectively; 0 3 soln. sat. with ammonium chloride and ammonium hydrogen 
carbonate, 5*42 and 0 46 respectively ; and H , soln. sat with ammonium and sodium 
hydrogen carbonates, 1*39 and 0 58 respectively The line AE represents the solu- 
bility of sodium hydrogen carbonate in the presence of sodium chlonde, and HA, 
in the presence of ammonium hydrogen carbonate. The line EB represents the 
solubihty of sodium chlonde in the presence of sodium hydrogen carbonate, and 
BE, in the presence of ammonium chloride. The line EG represents the solubility 
of ammonium chlonde in the presence of sodium chloride, and GQ , m the presence 
of ammonium hydrogen carbonate. The line OH represents the solubility oC 
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ammonium hydrogen oarbonate in the presence of ammonium chloride, and Lff, 
in the presence of sodium hydrogen carbonate. J. H van’t Hoff has shown that 
for soln. sat. with three salts there are the four possible combinations : 


Nad, NH 4 C1, NH 4 HCO a . . (1) 

NaOl, NH 4 HC0 3f NaHCOg . . (2) 


NaCl, NH 4 C1, NaHCOg . . (3) 

NH 4 C1, NH 4 HC0 3 , NaHCOg . (4) 


The simultaneous existence of NH 4 HCO 3 and of NaCl in (1) ox (2), and of the 
reciprocal system NaHC0 8 and NH 4 CI in (3) or (4) is possible only at one definite 
temp , since if the four salts Nad, NH 4 CJI, NH 4 HCO 3 , and NaHCOg could exist m 
a stable form side by side, they could do so in contact with any soln that is sat. 
with them all. Consequently, all four salts of a reciprocal system of salts are 
possible only at a temp for which the products of the cone of the reciprocal pairs 
are equal, that is, when C , Naa 0 NH 4 HCO i =G Na Hco Jt CNn[ 4 oi At this temp., the 
system will be invariant — there are four components, and six phases (4 solids, a 
liquid, and a vapour). At all other temp one of the two systems will change 
into its reciprocal, for the one with the higher cono produot will change into 
the other. For the system, NaCl+NH^COg^NH^Ol+NaHCOg, at 0°, 6*09 X 1*5 
is greater than 5*57x0*82 This soln (3) sat with NaCl, NH 4 CI, and NaHCOg 
would be supersaturated with respect to NH 4 HCO 3 , so that NaCl and NH 4 HCO 3 
can never coexist at this temp., but only soln. sat. with * 


I. NaHCOs+N^Cl+NH^HCOs, and II. NaCl+NH^d+NaHCOg 


as solid phases are capable of existence. P P. Fedotieff, in his Der Ammoniak 
8odaprozes8 vom Standpunlrte der Phaslenehre , has made a detailed study of the theory 
of the ammonia-soda process. He found that soln. sat. with these combinations 
contained : 


Table XLY. 


Solubility. 

Soln I, Solid phase 

NaHCO SJ NH 4 Ci; NH 4 HC0 s 

Soln n, N«mCO a> NaCl, 

nh 4 cji 

NaHCOg 

NaCl 

NH 4 C1 

NaHCOg 

NaCl 

nh 4 oi 

0° 

0 69 

0 96 

4 92 | 



2 74 

16“ 

0 93 

0*61 

6 28 



2 98 


The isothermal evaporation of a sat sola, of two salts with a common ion leads 
to the separation of both salts, but with sat soln. of three salts, this may or may 
not occur. The isothermal evaporation of solution II furnishes as solid phases 
the same three salts as are present as solutes. These soln were called by W. Meyer- 
hofer congruent solutions, beoause, on isothermal evaporation, they furnish as solid 
phases the same salts as are present as solutes in soln On the other hand, with 
solution I the salts which separate as solid phases are different from those present 
in soln , foT sodium chloride appears in place of ammonium hydro carbonate In 
contrast with congruent soln , W. Meyerhofer styled them incongrnent solutions ; 
here the sat soln. contains a different salt from those which are present as solid 
phases. The gradual addition of sodium chloride to solution I changes the com- 
position of the soln until the incongrnent solution I passes into II , ammonium 
hydiooaxbonate does not change when added in a similar manner to solution II. 

The points Pi and P 2 , Fig. 64, represent soln' sat. with three salts as just indi- 
cated, and, when these points are jomed with the points corresponding with soln. 
sat. by two salts with a dbrnmon ion, the following series of lines is obtained : EP% 
representing soln sat. with sodium hydro oarbonate and chloride ; P 2 P, sodium 
and ammonium chlorides ; P 1 P 2 , sodium hydiooarbonate and ammonium chloride ; 
P iff, ammonium hydroeaxbonate and chloride ; and P^H, sodium and ammonium 
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hydro carbonate. The lines in the resulting diagram form four surfaces corre- 
sponding "with soln. sat. with one salt in the presence of two others, namely, HDGPi, 
saturation with ammonium hydrocarbonate ; P X GCFP 2 , with ammonium chloride ; 
PP Z EB, with sodium chloride , and HAEP 2 P\, with sodium hydrocarbonate The 
region HAEP9P1 is important from the point of view of the ammonia-soda process, 
for it represents soln sat with sodium hydro carbonate , the curves P]£T soln. sat 
with ammonium and sodium hydrooarbonates, and PiP 2 , soln. sat. with sodium 
hydxooarbonate and ammonium chloride P x represents an inoongruent sat soln , 
and therefore sodium chloride appears in soln instead of am mo mum hydrocarbonate 
on the curve P\E from the pomt of its intersection with the ammonium chloride 
axis up to Pi, and similar remarks hold for the curve PxPg. 

P P FedotiefE showed that the change of P t with temp, can be represented 
by the movement of the point H , and this in turn depends on the variation of the 
solubilities of ammonium hydrooarbonate and chloride. When the temp . approaches 
32°, Pi lies on the ammonium chloride axis, and the inoongruent sat. soln becomes 
congruent because the same salts now appear in the solid phase as are present in 
soln. — w>z , sodium and ammonium hydrooarbonates and ammonium ohloride 

The sodium in the mother liquor remaining after the sodium hydrocarbonate, 
NaHC0 3) has separated out : NaCl+NH 4 HC0 8 
^NE^+NaHCOg, is conveniently regarded as 
Nad, and the ammonia as being distributed 
between the ammonium hydrocarbonato and the 
ammonium 'chloride P, P FedotielT then uses 
what he calls the TJtilisalionsIcocffizietiten , and 
K. Kremann Ausnutzunqshocjfizie'nlen of, the 
sodium and ammonium in order to discuss the 
reaction with respect to the consumption — the 
percentage used up — of brine and of ammonia or 
ammonium hydrocarbonato Using the chemical 
symbols in brackets to represent gram-eq. per 
1000 grms. of water, and supposing all the chlorine 
and sodium came into the soln. from the sodium 
chloride, [Cl]— [Na] represents the sodium which 
separates out as a solid phase, NaHCO s ; and 
similarly, [NH 4 "|— [HC0 3 ] represents the percentage 
tively employed, 
are respectively 



Fia 64 — Solubility Curves of 
Sodnirn and Ammonium 
Ohio rules and Hydrocar- 
bonatos. 


amount of ammonium effeo- 
Consoquently, the efficiency eoeif , U, of sodium and ammonium 


Uk a^lOO 


[ai]-[Na] . 

[Cl] ’ 


^nh 4 =100 


[NHJ—fHCOa] 

[NHJ 


P. P. FedotiefE gives the data indicated in Table XL VI. The numbers in the NaCl 
and NH^HCOa oolumns represent tho amounts of these salts employed in the double 
decomposition in order that, after the solid phase has separated out, soln. may he 
obtained with the ionic 0011 c. indicated in the next four columns. For convenience, 
the amount of ammonia in the second part of the NH4HOO3 column is expressed 
m grams. 

Soln on the curve P 2 Pi are sat with respect to sodium hydrocarbonate and 
ammonium chloride, and these soln. will be obtained whenever there is a relatively 
large excess of sodium chloride ; and in passmg from P 2 Pi> the ratio KaCl : NH S 
(NH 8 =umty) changes from 2T9 to 1*69 to 1*31 to 1*08 The greater these ratios — 
that is, the greater the excess of sodium chloride — the more completely is the ammonia 
utilized ; and the pomt P 2 corresponds with the utilization of 95*1 per oent. of the 
available ammonium. On the other hand, the sodium chloride is the more com- 
pletely utilized, the greater the amount of sodium chloride transformed into sodium 
hydrooarbonate, and this depends on the amount of ammonium hydrocaibonate \ 
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but this lowers the amount of ammonium hydrocarbonate used up — that is, the more 
sodium hydrooarbonate remains in soln. 


Tabus XLYI. 


1 

Wo i 

Salt taken per 1000 grms 
of water 


Efiioienex coefficient 


NaCl j 

WH 4 HCO a /WH 3 

1 HCO a 

Cl 

Wa 

nh 4 


^h 4 


Solutions on the curve P^ P 8 , Fig 64. 


P, 

479 

296/63*4 

WM 

8 17 

4 62 

3*73 


mm 

1 

448 

360/77 6 

mEm 

7 65 

3 30 

4 -56 



2 

417 i 

431/92 7 

HI 

7*13 

2 19 

6- 4fi 




Solutions on the curve P^H, Fig 64 


p 1 

307 

496/106 8 

0 93 

6 79 

1-44 

6 28 

78 8 

86*1 

3 

361 

446/ 96 1 

0 99 

6 00 

1*34 

6 65 

^7 7 

82*6 

4 

316 

412/ 88 6 

1 07 

6*41 

1 27 

6 21 

76 4 

79 6 

5 

294 

38 9/ 83 6 

1 12 

6 03 

123 

4 92 

76 5 

761 

6 

234 

327/ 70 4 

1 30 

4*00 

1*16 

4 14 

71 0 

68 6 


The curve P^R represents soln. sat with sodium and ammonium hydro- 
carbonates The mol ratio changes only slowly with a considerable difference in 
the absolute quantities of sodium chloride and ammonium hydrocarbonate to the 
same quantity of water, namely, starting from P l9 with NH a == unity, the ratio 
changes from 1'08 to 1*06 to 1‘04 to 1*02, to 0 97. Tins does not affect the efficiency 
coefi of the sodium chloride very much, but it exerts a marked influence on that 
of the ammonia Passing along P^R from P 1? the two efficiency coefE. diminish, 
and at the point of intersection with the ammonium chlonde-axis, when 1 14 mol. 
of sodium hydrocarbonate and 4 57 mols of a mmo nium chloride are present for 
1000 grins, of water, the two efficiency coefi C/Na=^NH 4 ='75 An efficiency 
coefi of 75 per cent is ob tamed by double decomposition with 267 grms of ammo - 
Hium chloride and 361 grms of ammonium hydrocarbonate (77 7 grms. of NH3). 
The further course of the curve has no ynalclische Bedeutung . 

It will be observed, continues P. P. Fedotiefi, that the percentage amount of 
salt employed whioh is transformed into hydrocarbonate, V^ n> gradually increases 
m passing from H to P 2 , where it attains a maximum value ; the subsequent decrease 
m the value of Z7u a can be followed along the curve P^E, which represents Boln. 
sat with sodium hydrocarbonate and chloride in the presence of variable amounts 
of ammonium chloride Again, the efficiency coefi. of the ammonia, Unit > gradu- 
ally increases from H in passing along the curves HPi, P a P 2 , and to a 

limiting value of 100 per cent. , but the curve P 2 P is of no technical interest. At 
the temp of these experiments, 15°, the point Pj represents the ma ximum efficiency, 
frna, of the sodium chloride , and although the values of Z7^a change but little 
on both curves m the vicinity of P a , the values of axe very different. 

Sodium chloride is so very cheap that it makes very little difference to the cost 
of the final product whether much, or little is utilized \ on the other hand, amm onia 
is comparatively costly, and although that which is not utilized is subsequently 
recovered, each regeneration is accompanied by losses. It is therefore important 
for the manufacturer to use up as much ammonia as possible. P. P. Fedotiefi 
considers two soln with approximately the same wz No. 2 (Table XL VI), 
oji the curve P 2 P i, and No. 6, on the P^H curve. In the former case, after the 
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^position of solid sodium hydrocarbonate, 90 6 per cent of the a mm oni um hydro- 
trbonate taken has been utilized, while, m the latter case, only 68' 6 per cent has 
>en utilized. From this point of view, it is advisable to keep on the curve jPjP 2 , 
here the efficiency coeff. of the ammonia aie high This observation is in harmony 
ith empirical experience, and was known to E. Solvay and others Extremes are 
lioufl. If an excess of sodium chloride be employed, some a mm o mum chloride 
ill be precipitated with the sodium hydrocarbonate, and when such a mixture is 
ilcmed some sodium chloride is formed, and the value of the resulting soda ash is 
icordmgly depreciated. It is an interesting exercise to Bhow that if the ammonia 
ere cheap and sodium chloride dear, it would be better to keep near the 
uve Pi# 

The preceding remarks are based upon observations with soln. sat with two 
dts — viz. sodium hydrocarbonale and either ammonium chloride or ammonium 
ydrocarbonate — under manufacturing conditions, however, the soln. are obtained 
y carbonating ammoniacal soln sat with sodium chloride, which are sat. with 
mmoiuum hydrocaibonate alone These soln are represented by the surface 
\PzEH Naturally, many different combinations are here possible, but technical 
ractice is limited to ammoniacal soln. sat with sodium chloride where the efficiency 
Deff. not less than 7B per cent on the P 1 P 2 -ourve This corresponds with 

le stippled area in Eig. 64. Obviously, the nearei the working conditions approach 
\P 2 the more complete the utilization of the sodium chloride. 

The effect of temp, on the efficiency coeff for soln. No 1 (Table XLYI), point 
i, is as follows : 

0° 15° 30° 

Efficxoncy coofT., E7 n a • .7 3 6 78*8 83*4 

ElRcioncy coefl , J7Nn 4 - . . 83 0 85 1 84 1 

'his shows that with a rising temp, the yield of sodium hydrocarbonate rises, but 
le efficiency coeff of the ammonia decreases. When the temp, exceeds 32°, the 
mount of sodium chloride in soln 
\o 1 decreases , at 32°, 

=84 per cent. There is therefore 
ear 32° an optimum temp for the 
leld of sodium hydrocarbonafce , m 
ther words, the highest attainable 
onversion in this reaction is 84 per 
ent. ; or, at 32°, 84 per cent, of the 
Ddium chloride employed is pre- 
lpitated in the form of sodium 
ydrogen carbonate It follows, 
herefore, that by raising tlio temp, 
he efficient area PiP^EII is aug- 
lented— always supposing that the 
recipitation and filtration arc conducted at one and the same temp.-— although 
i practice this temp lies near 30°, so that the results of P P FedotiefF can be 
egarded as Norman fur die Praxis The condition of equilibrium, at any given 
emp is fixed by the equation : [NaH 003 ][NH 4 Gl]=jS’[NaCl][NH 4 HC 03 ], where 
he symbols m brackets represent cono Prom this equation it would appear that 
he maximum yield of sodium hydrocarbonate is favoured by high cone of the 
odium chloride and ammonium hydrocarbonate . the latter condition is favoured 
\y a high oono. of ammonia and carbon dioxide 

This process can be illus trated by connecting an apparatus, A, for generating ammonia, 
’lg. 66, and an apparatus, B > for making washed carbon dioxide with a tower, C t filled with 
sat soln of sodium chloride and fitted with four perforated iron discs as shown in tho 
lagram The tower is provided with an exit tube dipping in a beaker oi water The soln 
3 first sat with ammoma, and then with carbon dioxide In about an hour, crystals of 
odium bicarbonate will bo deposited on the perforated shelves. 



Fig 05.—- Illustration of Solvay’s Process 
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The brine ib first sat with ammonia by running downwards through a tower fitted 
with several compartments, as indicated m Fig 66, and the amm onia rising upwards bubbles 
through the liquid in eaoh compartment A similar tower is employed for recovering the 

amm onia subsequently earned away during 
the carbonating of the ammo mated brine. 
The ammomated brme is cooled to 30° 
and, in E Solvay’s apparatus, is pumped 
to the top of a tower, Fig 67, 70 to 90 ft. 
high, ana 6 to 7 ft. diameter The am- 
momated brine falls over a senes of baffle 
plates and during its descent meets an 
ascending stream of carbon dioxide Some 
heat is evolved during the absorption of 
the carbon dioxide, and accordingly 
W B. Cogswell (1887) fitted the tower 
with coolers consisting of a number of 
mild steel tubes expanded into a steel 
tube plate The cold water r unnin g 
through these tubes cools the liquor as it 
approaches the bottom of the tower 
Crusts of salt gradually form on the tower, 
these have to be removed fiom time to 
time, either by a jet of steam or by a 
stream of fresh brine The carbonating 
may be conducted in two stages — m one 
tower the ammonia is converted approxi- 
mately to the normal carbonate, and m 
a second tower the hydrooarbonate is 
formed Many other carbonating towers 
have been devised — p g in M. Homgmann’s 
the carbon dioxide is purified m senes 
through the ammomated brine contained 
m three or more conical vessels fitted with 
cooling pipes Tho liquor which runs 
from the carbonating tower is filtered 
— — through flannel fitted upon rotating 

morua Tower vay’s Carbonating cylinders insi de of which a vacuum is 

Tower "with Cogs- maintained The layer of sodium hydro- 
well’s Coolers carbonate is washed with water as the 

^ cylinder rotates, and is then automatically 

soraped os with a knife. W. Mason’s analysis (1914) of the soln when precipitation 
begins shows that 60 per cent, of the sodium chloride has decomposed and 1 1 ’8 pei cent, 
of sodium carbonate is in soln The mother liquid remaining aftor the precipitation of the 
sodium hydrocarbonate contains m grams per 100 c o x 

Sodium chloride. Ammonium carbonate. Sodium carbonate A mm onium chloride. 

8 6 81 06 78 1 por cent, 

while the precipitate contains . 

Sodium chloride Sodium hydiocarbonate. Sodium carbonate. Ammonia. Moisture. 

0*2 71 3 4 0 0'5 24 0 per cent. 

The amm onia is retamed very tenaciously by the crystals and cannot be removed by 
washing The mother liquor contains about 90—02 per cent of the ammonia originally 
present in the ammomated brine ; about 8 per cent will have been earned ofl by the ourrent 
of carbon, dioxide in Solvay ’a tower, and is recovered as previously indicated. 

If sodium carbonate is needed, the hydrooarbonate is calcined . SNaHCOo 
=Na 2 C0 a +H 2 0+C0 2 

The sodium hydroeaxbonate is heated to drive off the moisture and amm onia, and 
subsequently to a higher temp in a Thelen’s pan which consists of cast-iron semicircular 
plates, 6 to 10 ft m diameter and 7 to 8 ft long, clamped together end to end m suitable 
flanges so as to make a length of 30 to 60 ft. The hydrooarbonate is fod mechanically 
into the furnace and earned backwards and forwards by a number of scrapers attaohed 
to a rotating shaft, and ultimately discharged at the opposite end to the feeder The 
pans are heated externally longitudinally along the fumaoe 

The carbon dioxide given off during the calcination forms part of that used in 
the first stage of the operation. The mother liquid remaining after the separation 
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of sodium hydro carbonate is treated with lime obtained by burning limestone : 
CaC0 3 =CaO+CO 2 ; and the ammonia is recovered: 2I>^Cl+CaO=CaCl 2 
+ H 2 0+2NH 3 . The ammonia and carbon dioxide evolved in these two operations 
are used agam. Thus calcium chloride is the only by-product which is not utilized. 
G Bodlander and P. Breull enumerate the three mam reactions as : NaCl+NHg 
+C0 2 +H 2 0=NaHC0 s +NH4Cl ; CaC0 s =Ca0+C0 2 , and CaO+2NH 4 Cl==CaCl 2 
+2NH 8 +H 2 0, which are summarized into 2NaCl+CaC0 8 +C0 2 +H 2 0=2NaHC0 8 
+0aCl 2 The heat balance is therefore : 


Table XLVn 


Heat consumed 

Heat produced. 


CaCl* in soln. . 

• 187 2 Cals. 

2NaCl solid 

• 


195 2 Cals 

2NaHC0 3 solid . 

• 459 8 Gals 

CO 2 gas 
CaC0 3 solid 
H^O liquid 

■ 

• 

• 

• 

• 

97 0 Cals, 

270 4 Cals 

68 4 Cals 

Total . 

• 047 0 Gala. 

Total . 

• 

m 

031 0 Cals 


Consequently, 647—631=16 Cals are used up in the inverse reaction, the same 
quantity is absorbed by the technical process, which is therefore possible only by 
supplying energy from without the system. Tho following is a sohematio repre- 
sentation of the ammonia-soda pxocess : 


NaCl 


> 1 ' 

NaHCO a 

f 

Na 8 C0 8 


CO* 


Carbon 


CO a 


NH 4 C1- 


NH. 


CaCO a 





\ 

C 

1 s 

lO 

^ . 

V 

\ 



NH 4 C1 


Ir 

CftCl, 


Several modifications of E Solvay’s process have boon proposed. For example, 
in T. Schlftsmg’s process, solid ammomum hydrocarbonate was used. E. Dresel 
and J. Lennhof 8 mixed sodium chloride with neutral ammonium carbonate, or 
sulphite, ox borato, and precipitated the sodium salt — carbonate, sulphite, or borate 
—by passing ammonia either under press, or into a well-cooled soln. G. Claude 4 
recommended using synthotio ammonia in the Solvay process, so as to obtain 
ammomum chloride to be used as a fertilizer ; there is no waste calcium chloride 
since the chlorine of tho sodium chloride forms ammonium chloride. In 
H. A. Frasch’s process, nickel or cobalt oxide, hydroxide, or carbonate is allowed 
to act on approximately its eq. of alkaline chloride in the presence of ammonia ; 
and insoluble nickel hexammino chloride, Ni(NH 8 )eCl 2 , is formed : N'i(OH) 2 +6NH 8 
+2NaCl=Ni(NH 3 ) 6 Cl a +2NaOH. “When tho double nickel salt is treated with 
milk of lime, nickel hydroxide is regenerated, and the ammonia can be recovered 
from ammonium chloride which is formed. The carbonates can be used in place 
of the oxides ; and potassium chloride in place of the sodium salt. M. Bernard 
used methylamine, and J. Ortlieb and J. A. Muller, tnmethylamine, in place of 
ammonia for preparing potassium carbonate , and H. de Grousilliers used alcoholic 
in place of aq. soln. J. Bower (1840) patented the use of sodium sulphate in place 
of sodium chloride in the ammonia-soda process. G. T. Gerlach, H. Gaskelf and 
F. Hurter, G, Blattner, F. Huxter and J. Omholt, and* 0. Wigg, also worked on this 
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process In 1876* G T. Gerlaoh (1876) and J. E. Chance (1885) proposed the use 
of sodium nitrate m place of sodium chloride m the ammonia-soda process Sodium 
tydrocarbonate and ammonium, nitrate aie formed : NaNOg+NH^HCOg+NaHCOg 
-f-ISTE^NC^. The yield of ammonium nitrate is 87*5 per cent of the theoretical, 
and J A. Colson recommends this process as being more favourable than the 
ordinary E Solvay’s process. The residual sodium and calcium nitrates can be 
utilized as manures. E. W. Parnell and J. Simpson patented a combination of the 
Leblanc and ammonia-soda processes by decomposing the ammonium chloride pro- 
duced in the latter by the calcium sulphide produced m the former : 2NH 4 Ci 
- hCaS^CaClg-HNBLOgS The latter escapes as vapour and is absorbed m water 
The cold soln. is treated with carbon dioxide : (hrH4) 2 S+2CO2+2H 2 O=2NH4HC0g 
-f-H 2 S. The ammonium hydrocarbonate is treated with sodium ohlonde as in 
the ordinary process 

Potassium carbonate cannot be made economically by Solvay’s process because 
the potassium hydrooarbonate is too soluble , but if trimethylamme be used in 
place of using ammonia, J. Ortlieb and J A. Muller have shown that potassium 
hydrooarbonate will be precipitated * A great deal of the potassium carbonate of 
commerce is made by N Leblanc’s process. 

The Leblanc process has had to meet severe competition with the ammonia-soda 
and the electrolytic piocess. It is probable that if it had not been for the sulphur 
recovery processes it would have been entirely defunct long ago, this not only on 
account of the losses of sulphur, but on account of the objectionable nature of the 
alkali waste. The Leblanc process, however, is generally regarded as 'a declining 
industry, although it still holds its own The prop which keeps the Leblanc process 
from falling into oblivion is the by-product ohlonne which can be sold at a good 
price in the form of hydrochloric acid or bleaching powder. The struggle of 
the Leblanc process for existence is well shown by the following table, which 
gives the output of soda by the different processes expressed in tons per 
annum : 


Table XLVTII 



1865 j 

1876 

1885 

1895 

1905 

1911 

Leblanc 

Ammonia -so da 
Electrolytic • 

Total . 

350,000 

490,000 

30,000 

440.000 

320.000 

270,000 1 
980,000 1 

140,000 

1,700,000 

10,000 

130,000 

1,900,000 

50,000 

350,000 

520,000 

760,000 

1,250,000 

j 

1,850,000 

2,080,000 


The production of caustic soda has largely replaced that of carbonate by the 
Leblano process, although the electrolytic process is a serious competitor in 
this field. 

The sodium chlonde and sulphate regularly found in Leblano soda ash are not 
usually injurious , the insoluble matteT should not exceed 1 to per cent. It 
consists principally of calcium carbonate, alumina, silica, and feme oxide. The 
sulphides should not be detectable by lead paper , thiosulphates are destroyed 
in calcining the ash, sulphites are usually present and can be detected by 
iodine soln. ; and sodium hydroxide, except in the so-called caustio ash, does 
not usually exceed 1 per cent. The moisture in fresh ash ranges below one 
per cent. Owing to the mode of preparation, ash by Solvay’s process is more 
pure than that prepared by Leblanc’s process. It does not contain sodium 
hydroxide, sulphides, sulphites, or thiosulphates ; it may contain a slight excess 
of carbon dioxide , a little sodium sulphate la always present ; iron, alumina, 
and silica are present in minute traces ; sodium chloride is perhaps the only 
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impurity of note. The following are analyses of soda ash hy Leblanc’s and 
Solvay’ s processes : 

No,CO a NaOH NaCl Ha a S0 4 SiO, Se,0+Al a 0, HgO CaCO s Water 
Leblanc ash . 96 7 01 03 09 10 04 01 — 07 

Solvay ash . 98 8 — 0*4: 0 2 0 09 0 02 0 1 0 04 0 35 

Salt-cake is used m the soda pulp and m the glass mdustnes, and the demand 
has at times been greater than can be supplied by the salt-cake as a by-product in 
the manufacture of hydrochloric acid. As a result, the deposits of Glauber’s salts 
or mirabilite near the Downey Lakes (Laramie, Wyoming), Cariizo Plains (Ban 
Louis, Obispo County, Cal.), etc., have been exploited. 
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§ 31. The Properties of the Alkali Carbonates 

Anhydrous lithium, carbonate forms a voluminous white powder; both 
A Arfvodson 1 and L. Kralowansky obtained the salt in a crystalline form, and 
by evaporating a soln. sat at 15 , E. C. Flue- Mger obtained long prisms whioh, 
according to E. Mallard, belong to the monoclinic system, with axial ratios 
c • l : c=l‘672 : l : 1*244, and /8=114° 25'. The fused salt also furnishes a mass 
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of crystals on cooling. Anhydrous sodium potassium 3 rubidium, and caesium 
carbonates axe white solids whose crystalline forms have not yet been determined 

The specific gravity of lithium carbonate, according to P. Kremers, is 2 111 (17 5°) , 
according to G. Quincke, 2 111 (0°) , and, according to E Mallard, 2 094. G. Quincke 
also found the sp gT, of lithium carbonate at the m p. to be 1 787, while E. Brunner 
found this constant to be 1765 — 0 00034(0 — 900) at a temp, 0°, between 800° 
and 1000 g . The values for the sp gr of sodium carbonate range from P. A. Pavre 
and C. A. Valson’s 2 407 (20 5°), to L. Playfair and J. P. Joule’s 2 430, to 
G. J. B, Karsten’s 2’4659, to H G. E. Schroder’s 2*500, to E Eilhol’s 2*509, and to 
C. Quincke’s 2*509 (0°), E. Braun found 2 041 at 900°, G. Quincke 2*041 at the m.p., 
and E. Brunner 1*9445—0 0040(0—900) at 0° between 800° and 900°. The sp. gr, 
of potassium carbonate was found to be 2*103 by L. Playfair and J. P Joule, 
2*105 by W. C. Smith , 2 2643 by C. J. B. Karsten ; 2 267 by E Eilhol ; and 
2 29 by H G. E. Schroder. G Quincke gives for the sp. gr at 0° 2*3, and at the 
irup. 2 2 ; while P. Braun gives 2 00 as the value of this constant at the m.p. 
E Brunner represented the sp gr of lithium carbonate, L=1 765—0 00034(0—900), 
sodium carbonate, D=1 9445—0 00040(0—900) ; and potassium oaibonate at 8° 
between 800° and 1000° by 1 900—0 00046(0 — 900) The sp gr. of rubidium and 
c£esium carbonates have not been determined. G Quincke also gives the surface 
tension of the molten lithium carbonate as 152 5 dynes per cm ; molten sodium 
carbonate as 179*0 dynes per cm. ; and of molten potassium carbonate, 160 2 dynes 
per cm. The corresponding values for the specific cohesion are respectively 
a 2 =17*39, 17*88, and 16 33 sq mm. G.'Wertheim measured the velocity of sound 
in soln of sodium carbonate. 

According to H. V. Regnault, 2 the specific heat of sodium carbonate previously 
fused is 0*2728 between 16° and 98°, and H, Kopp 0*246 between 18° and 48 . 
Por potassium carbonate H. Y. Regnault found 0 21623 between 23° and 29°, 
and H. Kopp, 0*200 between 17° and 47° — that is, 29*81 and 28 43 respectively 
per mol. H. Kopp also found the sp. ht of rubidium carbonate to be 0 123 between 
18° and 47°. According to A. Axfvedson, lithium carbonate melts at a dark red 
heat, and, according to P. C PliickigeT, it melts more readily than either sodium or 
potassium carbonate, forming, according to R, Hermann, a viscous fluid, which 
freezes to a crystalline mass. W. Ramsay and NT. Eumorfopoulos give 618° for 
the melting point of kthium carbonate ; T. Carnelley gave 699° ± 4° in 1876, and 
695 ± 4° m 1878 , H le Chatelier gives 710° for the m p, 3 and K. Hiittner and 
G. Tammann give 734 5° for the f p. H le Chatelier observed the f p. curve of 
mixtures of lithium and sodium carbonates has a euteotio at about 690° with 
mixtures containing 48 5 per cent of sodium carbonate ; with lithium and 
potassium carbonates, there is a eutectic at 600° with about 26 “per cent, of lithium 
carbonate ; a maximum at 515° corresponding with potassium li thium carbonate, 
LiKCO s ; and a second eutectic at 492° corresponding with 46*6 per cent of lithium 
carbonate According to K Huttnex and G. Tammann, there is a break in the heat- 
ing curve of sodium carbonate near 450°, showing that it here undergoes a transfor- 
mation into another form, and they estimate the heat of the transformation to be 
sa of the heat of fusion ; O. Sack ox gives approximately 4 cals, per gram According 
to A. J acquelam, sodium carbonate melts more readily than the potassium salt. 
The m p of sodium carbonate is 849 0°, according to V. Meyer and W, Riddle ; 
850° to 867*3°, J. McCJrae ; 852°, 0. T, Heycock and P. H. Neville ; 851°, 
W. Ramsay and N Eumorfopoulos ; 852°, K. Arndt , and 853°, K. Huttner and 
G. Tammann According to H. le Chatelier, the m.p. of sodium carbonate is 
lowered 200° when mixed with 34*7 per cent, of sodium chloride ; 130° by 51*5 per 
cent of potassium carbonate ; and 30° by 39*8 per cent of sodium sulphate. 
O Saokux has also measured the effect of additions of about 10 per cent, of sodium 
or potassium chloride, on the f.p. of sodium carbonate. According to P. Niggli, 
the binary system sodium chloride and carbonate has a eutectic at 640°. According 
to K. Huttner and G. Tammann, there is a break m the heating curve of potassium 
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carbonate at about 410°, analogous to the break at 450° with Bodium carbonate. 
Y. Meyer and W. Riddle found the m p. of potassium carbonate to be 878' 6° , 
H. le Chatelier, 885° ; J. McCrae, 888'9° ; W Ramsay and N. Eumorfopoulos, 
880° ; K Hiittner and G Tammann, 894° , and K Arndt, 900°. According to 
P. Niggk, potassium and sodium carbonates form a continuous series of mixed 
crystals with a minimum point on the curve at about 712° with about 46 mols. 
per cent, of potassium carbonate. According to R Bunsen rubidium carbonate 
melts at a red heat, and T. Camelley and W C Williams place the m.p. at 837°. 
0 Sackur calculated the heat of fusion of sodium carbonate to be 82 cals per gram ; 
and potassium carbonate, 66 cals, per gram The molecular lowering of the 
freezing point of potassium carbonate as a solvent is 41 and of sodium carbonate, 
31° 0. Sackur studied soln of potassium chloride, sodium chloride, and potassium 

or sodium manganate in fused alkali carbonates. 

The volatility of lithium carbonate was Btudied by R Bunsen ; he found that 
tbs compound volatilizes m the hottest part of a Bunsen flame 8 74 (and by 
T H. Norton and D. M. Roth 10) times as rapidly when melted as the same quantity 
of sodium chloride. According to L Troost, lithium carbonate begins to decompose 
before it melts, and when melted it loses carbon dioxide, rapidly at first, but more 
slowly later on, until but 17 per cent, of the total remains, and P. Lebeau found 
that when heated m vacuo, all the carbon dioxide can be driven off, and a part of 
the resulting oxide is volatilized. P. Lebeau found the dissociation pressure of 
lithium carbonate to be at . 

580° 610° 620° 740° 840° 030° 1000° 1200° 

Press •• 0 1 3 19 37 61 91 300 mm. 

J. Johnston also measured the dissociation press, of lithium carbonate, and estimates 
that it is about an atm at 1270°. W. Dittmar found that lithium carbonate is 
converted into the oxide when heated in a stream of hydrogen. 

Sodium carbonate was found by R. Bunsen to volatilize m the hottest part of 
a brtnsen flame 7*50 (and by T H. Norton and D. M. Roth 7'38) times as rapidly 
as the same quantity of sodium chloride W, Dittmar investigated the behaviour 
of sodium carbonate on ignition with a view of using this salt as a standard for 
preparing normal soln. of acid ; he found that this salt is not changed by heating 
it to redness in an atmosphere of carbon dioxide, but in nitrogen or in hydrogen, it 
respectively decomposes into oxide and hydroxide. J. L. Gay Lussac and 
L J Th&aaid, and M. Jacquelam found that if melted in a platinum vessel, steam 
will drive out carbon dioxide in consequence of the formation of sodium hydroxide. 
According to P. Lebeau, sodium carbonate dissociates when heated to a high temp, 
in vacuo ; and some is volatilized ; the dissociation press, is : 

709° 880° 000° 1010* 1100° 1150° 1180° 1200° 

Press. . . 1 10 12 14 21 28 38 41 mm. 

J. Johnston also measured the dissociation press, of this salt and found it to be an 
atm at 5(500°. T, Soheercr noted that sodium carbonate lost 1*34 to 1 38 per cent, 
in weight when heated to yellow heat (o, 1000°), and about half per cent at a red 
heat. E, Mallard found that when heated m a blast flame, sodium oarbonate did 
not lose more than 1*75 per cent in weight if the crucible be in the carbon dioxide 
zone of the flame ; but if air free from carbon dioxide be simultaneously passed 
through the crucible, the loss is proportional to the time— about 1*5 mgrm. per 
minute. According to R. Kissiing, a loss of carbon dioxide can be detected when 
Bochum carbonate is heated to 400°, and, according to R, Hefel m a nn , the loss is 
not recuperated completely on cooling. Purified sodium carbonate fused m an 
atm. of carbon dioxide is a glass which is not very hygroscopic and is very suitable 
as a standard for preparing soln for volumetric analysis. When heated in platinum 
crucibles over a gas blowpipe flame, the diffusion of some hydrogen through the 
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platinum walls may decompose a minute quantity of carbonate, as was shown by 
S. U Pickering 

Potassium carbonate was also found by R. Bunsen to volatilize 3 23, and by 
T H Norton and D M Roth 3*61 times as fast as the same quantity of sodium 
chlonde under similar conditions P Leblanc found that it can be completely 
volatilized in vacuo and that its dissociation press is : 

780° 790° 810° 890° 900° 970° 1000* 1090° 

Press ..0 05 1 3 5 9 12 17 mm* 

T Scheerer found that when heated to a yellow heat (c 1000°), m a closed platinum 
crucible, potassium carbonate loses about 0 5 per cent m weight owing to the loss 
of carbon dioxide which is taken up again at lower temp W Dittmar could detect 
no change when heated to redness m an atm of carbon dioxide, but it is partially 
converted into oxide m an atm. of nitrogen, and still more so in an atm of hydrogen. 
P. Lebeau found that rubidium and caesium carbonates lose carbon dioxide when 
heated in vacuo, and, if the vacuum be maintained, decomposition is complete. 
P Lebeau also found that the dissociation press of rubidium carbonate is : 


890° 740° 880° 

Press ♦ . 0 2 6 

870° 

8 

900° 

10 

990° 

18 

1020 0 
20 

1080° 

33 mm. 

and the dissociation press of csesium carbonate : 




010° 630° 080° 

Press. . . 2 4 8 

880° 

32 

1000° 

44 

1130° 

1 21 

1150° 

137 

1180° 

157 mm. 


D D Jackson and J. J Morgan found the vapour pressure of the oxide derived 
from potassium carbonate to be 1 68 mm of mercury at 970°, and 5 0 mm at 1130°. 

According to W. E Muller, 8 the heat of formation : 2Li0H aq +C02a q — Li 2 C0 3lv q 
+20 4 Cals , and for (Li 2 0, C0 2 ) R de Forcrand gives 54 23 Cals. N. N Beketoff 
gave for (Na 2 0, CO-g), 75 92 Cals., R. de Eorciand, 76 88 Cals ; and J. Thomsen, 
75*92 Cals ; for (Na 2 , 0 2 , COa), 243 64 Cals. ; and for (2Na, C, 30), 272*64— M. Berthe- 
lot, 270 8 Cals , and R. de Forcrand, 271 97 Cals. J. Thomsen also gives for 
(2Na, 20, CO, 10H 2 0), 265 44 Cals ; fox 2NaOH+C0 2 =Na 2 C0 8 H 2 0 +43 69 
Cals ; 2Na 2 O aq +CO2aq=20 18 Cals , 2Na 2 0+2C0 2 =22*03 Cals, ; and for 

2Na 2 0+0*5C0 2 =10 30 Cals. M Berthelot found 2KOH aq +CO 2fiq =20*2 Cals. 
R de Forcrand gives for (K 2 0, C0 2 ), 92 46 Cals J. Thomsen gives for (2K, 0, 30) 
281 1 Cals. ; M Berthelot, 278 8 Cals, , and R de Forcrand, 275*37 Cals 
R. do Forcrand gives for (2Rb, 0, 30), 274 9 Cals ; for (Rb 2 0 2 CO 2 ), 97 47 Cals ; 
for (20s, C, 30), 274 54 Cals. , and for Cs 2 0, C0 2 ), 97*53 Cals It will be observed 
that R de Forcrand’s values for the heats of formation of the normal carbonates 
of potassium, rubidium, and cfiesium decrease with increasing at. wt of these 
elements — viz . 275*37, 274 9, and 274 54 Cals — a result which a prion appears 
highly improbable He also gives for 2RbOH aq +CO 2aq =20 57 Cals. ; and for 
2CsOH a a+C0 2 a( l =20 57 Cals. According to J. Thomsen, the heat of hydration 
for the first molecule of water by anhydrous sodium carbonate is 3 382 Cals. , for 
the second, 2*234 Cals. ; for the third and fourth, about 2*109 Cals The 
heat of formation of the monohydrated carbonate from the anhydrous salt : 
Na 2 CO 8 +H 2 0i iq uid=Na 2 C0 s H 2 0+3 382 Cals. , for Na 2 C0 8 H 2 0+6H 2 0]] q uL<i 
c=Na 2 C0 3 7H 2 0+13*02 Cals \ and for Na 2 CO3.7H 2 O+3H 2 0ii q uid :== Ha 2 C0Q 10H 2 O 
+5*394 Cals. J. Thomsen gave 21 8 Cals for the heat of formation of the deca- 
hydrated carbonate from the anhydrous salt , and P A. Favie and 0. A. Valson, 
23 0 Cals 

According to M. Berthelot and L. Hosvay de Nagy Ilosva, the heat of solution 
of anhydrous sodium carbonate js 5 64 Cals ; of Na 2 C0 8 H 2 0, 2 25 Cals , of* 
Na 2 C0 8 ^H 2 0, 0 02 Cals. ; and of Na 2 C0 3 10H 2 O, —16 16 Cals , the heat of soln. 
of anhydrous sodium carbonate at 6° is 2 810+0 022(0—0 015) Cals. M. Berthelot 
in his study : Les seh doubles pi Spares par fusion , found that sodium carbonate 
after fusion dissolves in water with a greater evolution of heat than it does before 
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fusion, and suggested that the salt exists in two modifications with different heats 
of soln. m water S XL Pickering, however, showed that the excess of heat with 
the fused salt is due to a certain fraction of the carbonate having been decomposed 
during the process of fusion — vide supra . According to J. Thomsen, the heat of 
soln of anhydrous potassium carbonate is 6 49 Cals , and, according to M. Berthe! ot, 
6*54 Cals The heat of soln. of anhydrous potassium carbonate at 0 ° is, according 
to M. Berthelot and L Ilosvay de Nagy Ilosva, 6 50+0 074(0—15) Cals. According 
to M. Berthelot, at 17 6°, crystallized hydrated potassium carbonate dissolves 
mth the absorption of heat, furnishing —0 122 Cal. at 32°, and also, according to 
L. C. de Coppet, at 100°, with the evolution of heat, e g +0 120 Cal. ; at 25°, 
heat is neither absorbed nor evolved According to J Thomsen, the heat of 
soln of potassium carbonate, K 2 C0 3 liH 2 0, is —0 38 Cals , and of the partly 
dehydrated potassium caibonate of the composition K 2 C0 3 +£H 2 0, 4*28 Cals. 
According to M. Berthelot, the heat of formation, K 2 C0 3 +1 JHgOuqmd—G 88 Cals. 
R de Forcrand gives for the heat of soln. of rubidium carbonate, 8 ’75 Cals , and for 
caesi u m carbonate, 11 84 Cals N. Galitzky measured the heat of soln. of potassium 
carbonate in mixtures of alcohol and water, and noted that less heat is evolved 
than is the case with water alone , the maximum oocurs with 50 parts of alcohol 
foT 100 of water 

J. Thomsen found the heat o! dilution of Na 2 C0 3 +30H 2 0 with 50 mols. of 
water, —0 556 Cals. ; with 100 mols of water, —1*190 Cals ; and with 200 mols . 
1 601 Cals. W. A Tildon gives for the heat of soln. of a mol. of sodium carbonate 
in 100 mols. of water at 22°, 6*322 Cals ; at 35°-40°, 6*842 Cals ; at 40°-45°, 
6*768 Cals. ; and at 50°-55°, 6*958 Cals JP. A Favre also reported that a soln o, 
potassium carbonate sat at 24°, develops much heat when diluted with watei. 
The heat of dilution of potassium carbonate amounts to —0 10 to —0*70 Calf 
The difference m the heat of soln. of potassium carbonate soln of different cone, 
indicates that hydrates are present m the more cone soln. and that their heat of 
formation is positive, and heat of soln. negative. 

The hydrates of lithium carbonate have not been investigated, but quite a 
number of hydrated forms of sodium carbonate with 1, 2, 2 J, 3, 5, 6, 7, 8, '9, 10, 
and 15H 2 0 have been reported, though the majority of these arc probably mixtures 
or intermediate stages in the passage from a higher to a lower form The first of 
these occurs as thermonalnbe , Na 2 00 s H 2 0, or monohydrated sodium carbonate 
effloresoencos in Hungary ; as an incrustation on the lava from Vesuvius ; the 
soda deposits m Egypt ; near the coast at Aden ; near Ararat ; Borlcu (Africa) ; 
and as a soil efILoj csconoe at San Joaquintal (California), According to W Haidin- 
ger’s analysis, 4 the formula is Na 2 C0 3 .l£H 2 0, but R. Schindler’s and H LoweFs 
work showed that the formula is more correctly Na 2 C0 3 H 2 0. Attempts have been 
made to show that this compound is the disodium salt of orthocarbomo acid, 
C(OH) 2 , namely, (OH) 2 0(0Na) 2 , although, of course, it is not known how the water 
is associated m the molecule. 

H. Lowel obtained monohydrated sodium carbonate as a crystalline crust by 
boding aq soln, of sodium carbonate. According to W. Haidmger, this salt crystal- 
lizes from aq. soln, of sodium carbonate between 25° and 37° , R Schindler Baid 
75° ; and J. C Q. de Marignac gave 80°. As indicated in Fig. 68, monohy- 
drated sodium carbonate ib the stable solid phase in the presence of aq. Boln at a 
temp, exceeding 32*5° — the transition point for the transformation of decahydrated 
sodium carbonate to the hoptahydrated carbonate : Na 2 00 3 .7H 2 O^Na 2 C03 H 2 0 
+6H 2 0. According to J. 0, G-. de Marignac, the transition point is lowered by 
the presence of salts like sodium chloride, or potassium carbonate, and this fact 
may account for W. Haidmger having obtained the salt at temp, below the normal 
transition point. According to W. Haidinger, the monohydrated salt is formed when 
the decahydrated salt is melted in its own water of crystallization , and, according 
to R. Schindler, it is also formed when one of the higher hydrates is kept at a temp, 
between 32 5° and 37 5°. The crystals of monohydrated sodium carbonate. 
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Na 2 0O 8 H 2 0, form bipyramidal crystals belonging to the rhombic system, with, 
according to J. C. G. de Marignac, the axial latios a : b : c=0 8268 * 1 : 0*4044. 
The sp gr. of the natural salt, thermonatnte, is given as 1* 5 to 1 6 , and the hardness 
as 1*0 to 1 5. According to Wv Haidmger, it does not melt when heated, but loses 
its combined water between 87° and 100° — G. J Mulder gives 73° — and forms a 
pulverulent mass The curve m Fig 68 shows that the monohydrated salt is less 
soluble m water to, say, 104° than it is at the lowei temp 38°, so that, as H Lowel 
pointed out, on heating a sat. soln of the salt crystals of the monohydrated sail 
separate as the temp, rises, and redissolve as the soln cools According to 
R. Schindler, the monohydrated salt in dry weather at 12 5° absorbs enough water 
from the air to raise the percentage amount of contained water from 14 5 to 46 0, 
and in moist air it absorbs still more ; it also absorbs some carbon dioxide from the 
air, forming the sesqui-carbonate. H Lescceur has measured the vap. press, p of 
sodium monohydrated carbonate, and R M. Caven and H J. S Sand found it to be 
7*9 mm at 30 5° ; 93 2 mm. at 66 4° ; and 539 1 mm at 97 7°, and they represent 
a whole senes of observations by the formula log p=a—b/T, where T represents the 
absolute temp, and a and b are constants respectively 10 825 and 3000*0 Since 
the heat of the reaction Q is related with the constant 6, by Q=log IQRb, where 
22 denotes the gas constant, 2 cals per mol. per degree, tne heat of dissociation of a 
mol of monohydrated sodium carbonate is 13,800 cals 

In preparing sodium monohydrated carbonate, the wet crystals may combine 
with the adherent mother liquor, forming the deoahydrated salt, and this accounts 
for the high results usually obtained in determinations of the amount of water m 
the crystals , and it possibly explains how a number of other hydrated salts have 
been reported at different times The evidence of the individuality of the crystals 
of sodium carbonate with 2, 2£, 3, 5, or 6H 2 0 is quite inadequate. 

J Thomsen 5 reported that dihydrated sodium carbonate , Na 3 C0 3 .2H fi 0, separates from 
the hot liquid obtained by melting the deoahydrated carbonate W. Haidinger says the 
monohydrated salt is formed under these conditions According to A. Morel, heim-pcnta- 
hydrated sodium carbonaie t N"a 2 C0 3 2£H s O, crystallizes in needle-like crystals from cono. 
soln. of Rolvay soda between 18° and 25° ; and by evaporating below 25° a mixed soln. 
of sodium carbonate m sodium phosphate. He adds that the crystals do not change very 
much when kept in their own mother liquid between 0° and 40°, and that the rhombic 
prisms have the axial ratios a b c=0 794 1 :0 439. F. Schiokendantz reported in- 
hydrated sodium carbonate , Na a C0 3 3H a O, to be associated with the efflorescent soda m 
the dried nver beds of the Cordilleras. 3R Schindler says that the weathering of the 
crystals of deoahydrated sodium carbonate in dry air at 12 5° furnishes crystals of penta- 
hydrated sodium carbonate , Na 2 C0 3 5H ft O , J J Berzelius also Bays that these crystals 
are formed at 33° by melting the deoahydrated salt and pouring off the dear liquid 
J". F. Persoz added that the crystals are rhombic octahedra which crystallize unchanged 
from wator at about 30° E Mitsoberlich reported the formation of crystals of hescahydrated 
sodium carbonate , Na fi CO a 6H a O, when soln of sodium sulphide are exposed to air, and 
form an aq. soln. of sodium carbonate and sodi um chloride 

T. Thomson* discovered that crystals of heptahydrated sodium carbonate, 
Na 2 CO s 7H 2 0, were formed during the cooling of the liquid obtained By heating 
the deoahydrated carbonate up to its m p , or by cooling a hot sat. aq. soln. at a 
temp lower than that at which crystals of the monohydrated carbonate are formed, 
and higher than that at which the deoahydrated carbonate is formed The range 
of stability is indicated in Fig. 68. C, F. Rammelsberg also obtained the 
heptahydrated carbonate by cooling the melted deoahydrated carbonate. 
C. F. Rammelsberg also considered that W. Haidinger’s crystals of the mono- 
hydrated carbonate are really the heptahydrated salt because the analysis by 
W. Haidmger showed the presence of 17 74 per cent instead of 14*47 per oent. of 
water required for the monohydrated salt R. Schindler attributed the large pro- 
portion of water m W. HaicUnger’s crystals to their having been but imperfectly 
freed from the mother liquor by drying at 37 5° between filter paper. 
J. 0. G. de Marignac occasionally obtained crystals from, soln containing sodium 
iodate, and he specially remarked on la beantS des enstaux which separated from 
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soln. containing sodium chloride or nitrate in addition to the sodium carbonate. 
H. Lowol also emphasized the importance of preventing access of air to the soln. 
from which the heptahydrated carbonate is to be obtained — possibly because atm. 
dust contains some sodium decahydrated carbonate dust, winch inoculates the solu- 
tion with the wrong nuclei H Lowel also noted that there are dimorphic forms 
of the crystals — rhombohedral and rhombic — with different solubilities in water. 

The clear transparent rhombohedral crystals of a-Na 2 C0 3 .7H 2 0 are unstable 
and readily pass into the rhombic bipyramidal crystals of /3-Na 2 C0 8 .7H 2 0. The 
crystals of the a-salt soon become milk-white owing to the formation of the deoa- 
hydrated salt by the re-crystalhzation of the heptahydrated carbonate moist with 
the adherent water The solubility curve is indicated in Eig. 68 . H Lowel pre- 
pared the unstable rhombohedral or a-salt m the following manner : 

Half fill a flask with a sat. aq soln of sodium carbonate, and boil the liquid for 16-20 
minutes until a littlo monohydratod carbonate is formed Close the flask with a cork, 
fitted with two glass tubes, and keop the temp at 10°-15° till some crystals are formed 
Bun m alcohol ol sp gr 0 836 and temp of 46° until the flask is full Crystals of the a-salt 
are formed after standing four or five days at a tomp, of Z0 22 0 The crystals are isolated, 
by drawing on the motnor liquid, and adding alcohol before the mother liquor is quite 
gone. The remaining mother liquor is then drawn off. 

The crystals of heptahydrated sodium carbonate prepared by T. Thomson, 
J. C. G-. de Mangnac, and C. E. Rammelsberg were rhombic bipyramids which 
possessed, according to the last-named savant, the axial ratios a : b . c 
=0 7508 : 1 : 0 3601 ; and which, according to J. Traube, are isomorphous with 
heptahydrated sodium sulphite, Na 2 S0 3 7H 2 0. The mixed crystals of the two 
salts had a sp gr. between 1 521 and 1 531, and contained Na 2 C0 8 7H 2 0 ; 
Na 2 S0 8 .7H 2 0=l : 0 07 to 0’45. T. Thomson gave 1*51 for the sp. gr of the salt 
he prepared ; he also said that it is less fusible than the decahydrated carbonate. 
H Lowel’s directions for preparing the stable rhombic or j3-salts are : 

Forty parts of tho decahydrated salt are boiled in a flask with 8 to 10 parts of water 
until everything is dissolved, and no monohydrated salt is formed. Close tho flask with a 
cork fitted with two glass tubes Pour in alcohol as in the preparation of the a-salt, and 
keep the flask olosed till tho two liquids have mixed Rectangular crystal-plates of the 
/3-salt are formed — the growth of the crystals generally begins near the zone of contact of 
the two liquids Tho crystals aio left m contact with the alcohol six to eight days after 
the salt liquor has been drawn off. 

The crystals of this- salt prepared by T. Thomson’s pxooess were formerly stated 
to be sodium octohydratcd carbonate, hra 2 C0 3 8H a O, but H. Lowel proved that this 
is a mistake ; the product is sodium heptahydrated carbonate The /f-hepta- 
hydrated carbonate is loss soluble than the a-salt, and more soluble than the deca- 
hydrated carbonate, so that a soln. sat. with the a-salt is supersaturated with respect 
to the jS-ealt, and the decahydrated salt. The transformation of the a- into the 
/9 -variety occurs while tho salt is in contact with its mother liquid at very variable 
temp — sometimes at 23°, more often below 10°, The j8-salt effloresces in dry air, 
and passes into tho monohydrated carbonate at about 32°. An appreciable amount 
of heat is developed during the crystallization of a supersaturated soln,, and this 
is greater for the 8-heptahydrated carbonate than for the a-salt ; but less than for 
the decahydrated carbonate. The temp, rose from 20’ 5* to 22 5° during the 
crystallization of the j3-salt from a sat. Boln. 

When soln. of sodium carbonate are crystallized at comparatively low temp , 
transparent monoclimo prisms of decahydrated sodium carbonate, Ka 2 CO 3 .10H 2 O, 
are formed. Tho range of stability is indicated in Eig. 68. According to 
W. Haidlnger, 7 the axial ratios are a: b :c=T4186 : 1 : 1 4828, and £=122° 20'. 
The crystals have been studied by H. J, Brooke, H de SSnarmont, 0. E. Rammels- 
berg, and A. des CJloizeaux; while J. Traube studied mixed crystals with deca- 
hydrated sodium sulphite which contam Na 2 CJ0 8 ,10H 2 0 : Na 2 S0 3 10H 2 O=l : 0*13 
to 0*18, and have a Bp. gr. between 1*501 to 1*502. The reported values £ot sp. gr. 

von. h. 3 o 



754 


INORGANIC AND THEORETICAL CHEMISTRY 

of tlie crystals of decahydrated sodium carbonate range from W Haidmger’s H23 
to F Stolba’s 1 4402 (16°) ; to J P Joule and L Playfair’s 1 454 , to S Holker’s 
1 455 (15 5°) , toP A Favre and C A Valson’s 1 456 (19°) ; to H. Bchifi’s 1*475; 
and to H Schroder’s 1*478 ; J. Dewar’s value at —188° is 1 4926, and he also gives 
the coeff of expansion at 17° as 0 0000787 ; and between —188° and 17°, 0 0001563. 
W Haidinger’s values for the hardness aie from 1 0 to 1 5. G J Mulder gives the 
m p at 32 6° ; H L6wel, 34° , and H. Debray, 34’5°. According to R Schindler, 
the fused salt furnishes crystals of Na 2 C0 3 H 2 0, leaving a liquid which contains 
more water than corresponds with NagCOg IOH 2 O, and solidifies at 33*5° 

T. W Richards and J. B Churchill give the transition point for Na 2 C0 3 10H 2 0 
^Na 2 C0 8 H 2 0+9H 2 0 at 35 2° According to R Schindler, decahydrated sodium 
carbonate effloresces rapidly m dry air, and in vacuo over sulphuric acid, it forms 
the monohydrated carbonate In 1818, H Watson noted the connection between 
the humidity of the air and the Tate of efflorescence of decahydrated sodium 
carbonate. He found that when the dry-bulb thermometer registered 6° to 12°, 
and the wet-bulb thermometer 2 8° to 3 9° lower, a mol. of the salt lost 3 2 parts 
of water and none afterwards , and if the wet-bulb thermometer he 8 9° when the 
dry-bulb thermometer is 14*4°, the salt effloresces. On the other hand, the powdered 
anhydrous salt absorbed nearly 62 per cent of water with six weeks’ exposure — the 
salt was repulverized from time to time R. Schindler says that the efflorescence 
of the salt at 3 2*5° furnishes pentahydrated sodium carbonate, but the product is 
probably a mixture of the deca- and mono-hydrated carbonates , R. Schindler 
says at 38°, and G J. Mulder at 31°, the decahydrated salt forms the monohydrated 
salt H Hammerl studied the vap press, of sodium decahydrated carbonate, and 
H. Lescceur, found the vap press at 20° to be 24 2 mm , while the vap. press, of 
water at the same temp is hut 17*4 mm H. Debray says that the vap. press, of 
the salt is not altered when melted. The solubility of the decahydrated salt m 
water is indicated in Fig. 68. 

According to M* Jacqtielain, sodium pmtadecahydrated caibonate , Na a C0 8 15H a O, as 
formed by crystallization from a supersaturated soln at —20°, and it passes into the 
decahydrated salt m vacuo M Jacquelam's salt is possibly a mixture ot ice and the 
cryohydrate. Ilf. Jaoquelam also reported enneahydraled sodium carbonate , Na a CO s .9H a O f 
to be formed by passing carbon dioxide mto a soln. of the normal carbonate until a little 
sodium hydrocarbonate separates out ; and he says that the mother liquor furnishes 
crystals of the enneahydrated salt mixed with crystals of the hydrooarbonate This, too, 
is probably a mal-interpretation. 

According to A Bfirard, J E. F. Giese, G. Y. M. Fabbroni, R Phillips 
H. W F Wackenroder, L. A Planche and L. R Lecanu, 8 and A B. . Poggiale, 
crystals of potassium carbonate with about 20 per cent of water crystallize from a 
cone aq soln of potassium carbonate on long standing. The salt was accordingly 
regarded as dihydrated potassium carbonate , K 2 G0 3 2H 2 0, whioh has 20 6 per cent 
of combined water. G. A Stadeler showed that the crystals are more readily 
obtained from soln. made alkaline with potassium hydroxide, and that their com- 
position is more probably sesqmhydrated potassium carbonate, K 2 C0 8 1 £H 2 0, or 
2K 2 C0 3 3H 2 0. Probably to C F. Rammelsberg, the axial ratios of the monocline 
prisms are a Cb : c=0 9931 .1:0 8540, and j3=lll° 24 / . A. Kenngott and 
J. C G de Mangnac have also made observations on the crystal constants. 
G T. Gerlach gives the sp. gr. 2*043 at 4°. H Lescceur found the vap. press at 
20° to be small, and at 100° about 100 mm , and from the vap. press curve, he infers 
that this is the only hydrated form of potassium carbonate. The salt deliquesces 
in air— rapidly, according to J J Pohl ; and only if the air is very moist, according 
to G A Stadeler. J. J Pohl also says that it dissolves in water with the evolution 
of heat The solubility curve is shown in Fig 69 L. C. de Ooppet has studied the 
solid phases in soln. of potassium carbonate 

According to J J. Pohl, potassium sesqmhydrated oarbonate loses 5 59 per cent of 
water at 100 , and forms monohydrated potassium carbonate f K t CO a H a O, which at 130°— 136° 
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loses all its water G. J. Mulder found that the dry residue obtained by evaporating a 
cone aq soln of potassium carbonate at 104° has about 20 per cent of water — K 2 C0 3 2H 2 0 , 
at 118°, 11 6 per cent — K a C0 3 H a O , and at 133°-136°, only 0 6 to 0 8 per cent of water 
remains H Goldschmidt patented a process for preparing what he regarded as the 
monobydrated carbonate by evaporating a cone soln at a suitable heat with constant 
stirring until the mass is dry A Morel reported that tnliydiated potassium caibonate, 
K a C0 3 3H s O, is formed by coolmg a warm cone soln of potassium carbonate below 10°. 
The rhombic prisms are stated to have the axial ratios a 6 : c=0 744 : 1 : 0 384, and to 
be stable in air ; they are slowly dissolved by cold water and rapidly by water at 50°— 60°, 
G T Geilacli prepared crystals of what he regarded as tetrahydrctied potassium carbonate , 
K 2 C0 3 4H«0, of sp gr 1 *997 The individuality of these three hydrated forms of potassium 
oarbonate has not been clearly vindicated 

According to G Kirchholf and A. Bunsen, the evaporation of soln of csssium 
or rubidium carbonates furnishes crystals of the hydrated salt. G Kirchhoff 
and R. Bunsen add that the crystals deliquesce rapidly m air, and when heated 
melt in their water of crystallization, and finally form the anhydrous carbonate 
as a white pulverulent mass, which rapidly deliquesces m air The hydrated forms 
of rubidium and caesium carbonates have not been more closely investigated 

The solubility of lithium carbonate in water is low : next to the phosphate 
and fluonde, lithium carbonate is the most sparingly soluble of the known kthium 
salts L. N. Vauquelin 9 found that 100 parts of cold water dissolve one part of the 
salt P Kremcrs found 0 769 grm, was dissolved at 13°, and 0*778 at 102°. 
J Bevad, 0 N. Draper, L Troost, A B Poggiale, L TsohugaefE and W. Chlopin, 
A. Payen, and F. A Fluctiger give data from which it follows that the solubility 
peT 100 grms. of soln , with Li 2 C0 3 as the solid phase, is * 

0° 10 # 20° 25° 80° 40° 60° 60° 80° 100 8 

Grms. Li s CO a . . 1*62 1*41 1 31 1 28 1*24 1 10 1 07 1*00 1’84 0 71 

The solubility of sodium ciubonate in water has been investigated by G J. Mulder, 
H Lowel, K. Reich, C H. Ketner, A. Payen, etc., from which it follows that the 
solubility per 100 grins of soln. is : 

0° 10° 20° 80° 82 6° 40° 60° 80° 100° 105° 

Grms Na a C0 3 . 6 5 111 17*7 22 0 31 0 31*5 31 5 31*4 31 3 31 1 

Solid phase . " Na^OOTToH^O r " Na^CO, H jO ~ 

The results are plotted in Fig. 68 ; a more comprehensive curve, by A. Smits and 
J. P. Waite, is shown m Fig. 2, Cap. X. The solubilities of the two sodium 
heptahydrated carbonates, rhombohedral (unstable) and rhombic (stable), are : 

BTajCOj 7H a O 0° 10° 20° 30° 82 5° 36 8 

Rhombic . • * 16 9 20 8 25*1 30*3 31*8 33*9 

Rhombohedral • . 24 2 27*4 31*3 — — — 

F Guthrie places the oryohydric temp, at —2*10° for soln. containing 5*93 per cent, 
of Xa 2 C0 3 . The curves shown in Fig. 68 are obtained by plotting the observed 
data. At the transition points the solubilities of the two hydrates are the same, 
and R. 0. Wells and D. J. McAdam give 32*00° for the transition point between 
the deca- and stable hepta-hydrated carbonates ; 35 37° for the transition point 
between the hepta- and mono-hydrated carbonates ; and 32*96° for the metastable 
transition point between the deca- and mono-hydrated carbonates. The hepta- 
hydrated carbonate is solid at 35*37°, and this temp, represents an incongruent m p. 
If the heptahydrated carbonate is formed, the mp is a congruent one, but has 
not been exactly determmed — W. A. Tilden’s approximation is 34°. 0. Tomlinson 

and H Lowel noticed that soln. of sodium carbonate show undercooling, and 
H Lowel observed no effect when an electric current was passed through the 
undercooled soln B M Jones has studied the crystallization of undercooled soln. 

Both hydrated and anhydrous potassium carbonates deliquesce rapidly in air, 
forming an oily liquid formerly called oil oj tartar , hquor mtn jixi , and oleum tartan 
per deliqumm . R. Brandes found that anhydrous potassium carbonate absorbed 



756 


INORGANIC AND THEORETICAL CHEMISTRY 


3*6 times its weight of water from sat air m 42 days. The solubility of potassium 
carbonate has been determined by 0. J Mulder, L. C. de Coppet, and H. 0. Dibbits, 
The best representative values 

0 ° 10 ° 20 * 80 ° 40 * 60 ° 100 ° 130 ° 

arms K a CO a . . 60*3 62 2 52 8 63 3 64 0 66 0 60 9 66 2 

when the solid phase is sesquihydrated potassium carbonate, K 2 CO s 1£H 2 0 The 
cryohydric temp is —36 5° for soln containing 39 '6 grins of K 2 C0 8 . Both 
caesium and rubidium carbonates are very soluble in water, but solubility data 
are not available. G. Geffcken has studied the effect of various salt additions on 



Fig 68 — The Solubility 
of Sodium Carbonate 
in Water. 
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the solubility of lithium carbonate at 25° Expressing the results m grams per 
litre, when the solubility in water alone at 25° is 12 63 


Grins of 

KC10 8 

KNOjj 

KOI 

NaCJl 

K a S0 4 

NaaS0 4 

:nu: 4 oi 

(NH 4 ) a S0 4 

20 

* 13*10 

13 3 

13*6 

13 9 

14 7 

16*0 

19 2 

26 0 

40 

. 13 40 

13 8 

14*0 

14 0 

16 0 

16 6 

23 3 

30 8 

100 

• — 

13 6 

13 9 

14 2 

18 2 

10 4 

28 4 

41 0 

120 

• — 

13 3 

13 7 

14*0 

— 

19*9 

28 7 

42 6 

140 

u 

13 0 

13 3 

. — 

— 

20 4 

28 8 

43 6 

200 

. — 

12 2 

— 

— 

— 

— 

29 0 

— 


According to the iomc hypothesis, if the solubility product [Li] 2 [CO" 3 ] is not 
altered, the solubility can be increased by the union of one or other of the ions 
of the carbonate forming complexes with the added salt. This effect is not very 
marked with potassium or sodium chloride or nitrate. The marked increase in 
the solubility with sodium and potassium sulphates is due to the formation of 
lithium sulphate, but with the ammonium Balts soluble complexes like Li(NH 3 ) n * 
and NHgCOO' may be formed just as is the case with magnesium carbonate m the 
presence of a mm onium salts. 

The solubility of sodium carbonate m water at first decreases, and then increases 
by the progressive addition of sodium chloride, and J Kolb 10 precipitated sodium 
carbonate from its aq. soln. by the addition of sodium chloride. 0. J. B. Karsten 
obtained an enamel-like product by melting the two salts together Representing 
the number of grams of the respective sSts — NaCl and Na 2 C0 8 10H 2 O — in 100 
gnus, of water, the solubility of sodium carbonate, at 15°, K Reich found : 

NaCl . . .0 8 02 16 06 19 82 23*70 27 93 37 23 

Na*CO, 10H s O . 61*42 48 00 40 96 39 46 39 06 39*73 46 27 

The last pair of numbers represents soln. with both salts in the solid phase 
K. Reich represents the solubility S of decahydrated sodium carbonate in soln. 
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containing u> grams of sodium chloride in 100 grins, of water by the expression 
S.=61 406— 2 091077W+0 055493w 2 — 0 000297357 m 3 grins of Na 2 CO s 10H 2 O per 
100 grins of water This expression has a minimum with soln containing w=23*15 
grms. of NaCl per 100 grms. of water. T M Chatard also studied mixed soln of 
sodium chloride and carbonate. J. Kolb also made some observations on mixed 
soln. of sodium sulphate and carbonate, and sodium hydi oxide and carbonate. 
R. Wegscheider and H. Walter measured the sp gr. of mixed soln of sodium 
hydroxide and carbonate, and found they followed closely the rule of mix tures 
for cone, not greater than 82V”, at temp between 10° and 80°. R. Kremann and 
A Zitek studied the decrease in the solubility of sodium carbonate by additions 
of sodium nitrate and found for 100 grms of water at 24 1°, 45*96 grms. of sodium 
nitrate lowered the solubility of Na 2 CO a .10H 2 O from 28*53 to 26 33 grms. , at 
10°, 70 48 grms of sodium nitrate lowered the solubility from 11 9? to 8'75 grms, , 
and at 24 2°, m the presence of 45*96, 54 43, and 62*8 grms. of sodium nitrate 
respectively 26*33, 24 63, and 21*8 grms of Na 2 C0 3 7H 2 0 dissolved If a double 
salt is formed, the solubility of sodium carbonate is raised, not lowered — for example, 
in 100 grms of water at 10° with 35 41 grms. of potassium carbonate , the Bolubility 
of sodium carbonate rose from 11 98 to 17*64 grms. ; and at 24*2°, with 15*00 and 
22 66 grms of potassium carbonate, the solubility of sodium carbonate rose from 
28*53 to respectively 35*42 and 36 97 grms 

According to G Gefloken, 100 grms of aq alcohol of sp gr. 0*941 dissolve 0*056 grra. 
of lithium carbonate at 15 5°, whilo 0 G Gmelm says that this salt is insoluble in absolute 
alcohol Y Rothmund found the solubility of lithium carbonate m water is 0 1687 mol 
per litre at 26°, and if the solubility in 0 125N-, 0 25 N~, 0 5Y-, and .Y-soln of the following 
solvents bo expressed m this order, then with the cone expressed in mols. per litre at 25 , 
V. Rothmund found for methyl alcohol, — , 0 1004, 0*1629, 0 1395; for ethyl alcohol , 0 1614, 
0 1655, 0 1417, 0 1203 ; for propyl alcohol , 0 1604, 0 1524, 0 1380, 0 1097 ; for tertiary amyl 
alcohol 0 1564, 0 1442, 0 1224, 0 0899, for acetone, 0*1600, 0 1516, 0T366, 0 1104; for 
ether 0*1680, 0*1476, 0 1300, — , for formaldehyde , 0 1068, 0 1653, 0 1606, 0 1631 ; for glycol , 
0 1660, 0 1629, 0 1665, 0*1472 ; for glycerol , 0 1670, 0 1047, 0 1613, 0 1532 , for manmte, 
0 1705, 0*1737, 0 1778, — ; for grape sugar, 0*1702, 0*1728, 0 1752, 0 1778 ; for cane sugar , 

0 1693, 0 1089, 0 1061, 0*1667 , for area , 0 1686, 0*1673, 0*1643, 0*1605 , for thiourea , 

1 1667, 0 1643, 0 1600, 0*1623 ; for dtmethylpyrone , 0*1502, 0*1460, 0*1284, 0 0882 ; for 
ammonia, 0*1653, 0 1630, 0*1577, 0 1406 ; for dicthylamme , 1*1589, 0*1481, 0 1283, 0*0937 ; 
for pyridine, 0*1592, 0*1603, 0 1347, 0 1091 ; for piperidine, 0*1684, 0*1488, 0 1320, 0 1009 ; 
for urethene, 0*1604, 0*1525, 0 1377, 0 1113, for acetamide, — , 0 1014, 0*1620, 0*1358 ; for 
acetonitrile, 0*1618, 0 1550, 0*1249, 0*1178 , and for mercuric cyanide, 0*1097, 0 1704, — ■, — . 

The solubilities of sodium carbonate m soln. of ethyl and propyl alooholB have been 
studied by 0. E Lmobargor and by 0 H. Reiner The salt is just a little more soluble m 
propyl alcohol than it is m ethyl alcohol With the ternary system — ethyl alcohol — water 

sodium carbonate, 0. II Kctnor found that two layers were formed with a critical temp. 

of 27*7° for a mixture with 14 per cent, of alcohol, 73 per cent, of water, and 13 per cent, 
of sodium carbonate, Na 2 C0 3 . Expressing oono, m grams of salt per ZOO grms. of soln., 
0. H. Ketner found the results indicated in Table XLIX. 

Table XLIX. 


Alcoholic layer, Aq, layer. 


Solid phase. Temp. p — 

CjHgOH NajCOj H a O CjHgOH NajC0 3 H a O 



H. Giraud says that potassium carbonate is insoluble m absolute alcohol. 0. E Line* 
barger, R. Cuno, and Q. A, L. de Bruyn have measured the solubilities of potassium 
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carbonate in ethyl and propyL alcohols. The results with ethyl alcohol , water, and potas- 
sium carbonate are : 

CaHgOH in solvent . 10 20 30 40 50 60 69 per cent. 

K 9 CO s m soln . 24 16 10 56 2 5 1*1 0 4 „ 

With 40 per oent propyl alcohol, the percentage solubility of K e C0 3 is 4 3 ; with 50 per 
cent alcohol, 2 0 , with 60 per oent alcohol, 0 8, and with 66 per oent alcohol, 0 5 
According to It Bunsen and G. Kirchhoff, 100 grins of absolute alcohol dissolve 0 74 gnu. 
of rubidium carbonate at 19° , and 111 grma of caesium carbonate at 19° or 20 1 grins, 
at the b p , so that caesium carbonate is the most soluble of the alkali carbonates m this 
menstruum- According to H Arctowsky, sodium carbonate is insoluble m carbon disulphide. 
According to W F O de Coninck, 100 gnns of a sat soln ol glycol contain 3 28 to 3 4 
grms of sodium carbonate ; A Vogel says 100 grma of glycerol of sp. gr 1 226 dissolve 
7 4 grms of potassium carbonate ; and A Kohler that 100 grms of a sat soln contains 
64 73 grms of sugar, 6 89 gnns of sodium carbonate, and 28 38 grms of water ; and 
56 0 grins of sugar, 22 24 grms of potassium carbonate, and 21 76 grms of water 

An-umber of tables have been compiled showing the specific gravity of aq soln., 
of sodium carbonate at different temp by G T. Gerlach , 13 J Tunnermann, H Schiff, 
R Wegscheider and H Walter, F Fouqu4, G. J W. Bremer, and G Lunge ; and 
for very dil soln, by F Kohlrausoh and W. Hallwaehs. The results m Table L 
are by G. T Gerlach at 15° : 

Table? L — Specific Gravities op Solutions op Sodium Carbonate (16°). 


Per cant, of NajCO,, 10H a O 



0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

19 

„ ■ 

1 0105 


1 031S 




1-0737 

1 0848 

1 0960 

1 

1 1067 

1 1166 

1 1274 

1 1384 

1 1495 



1 066 

1 070 

1 074 

2 

1 078 

1 082 

Bran 

HWIW 

WMm 



1 106 

1 130 

1 114 

3 

1 119 

1 123 

1-126 

1 130 

1-135 

1 139 


1 147 

1 150 



G T. Gerlach and J Tunnermann have measured the sp. gr. of soln. of potassium 
carbonate, G T. Gerlach obtained at 15° the results indicated in Table LI ; 

T ab le LI — Specific Gravities op Solutions of Potassium Carbonate (15°) 


Per cent of K a 00 a 



0 

B 



■ 

5 

6 

7 

8 

9 

0 

1 





1 04672 

1-05513 

1 00454 

0-07396 

1 08337 

1 

1-09278 

I 102681 

1 11238 

1 12219 

1 1 13199 

1 14179 

1-15200 

1 16222 

1-17243 

1-18265 

2 

1-19286 

1-20344| 

1 21402 

1 22459 

1 1 23617 

1 24675 

1 25681 | 

1 26787 

1 27893 

1 28999 

3 

1-30106 

1-31261 1 

1-32477 

1-33573 

1 84729 

1 35835 

1-37082 

1 38279 

1*39470 

1-40673 

4 

1 4X870 

1 43104 

1 44338 

1 44673 

1-46807 

1*48041 

1 49314 

1-60588 

1-61801 

1 53135 

fil 

1 5440 S 

1 56728 

I 

1 57048 

' 

— • 

| 



_ 1 



The Bp gr. of a sat. soln. of lithium carbonate at 0° is 1 017 , and at 15°, T014. 
The sp. gr. of a eat. soln. of sodium carbonate at 17 5° was given by H Hager at 
1-166 , at 18°, by E. Kohlrausoh, at 1-172 , at 23°, by H Schiff, at 1-222 ; and, 
at 30°, by G. Lunge, at 1‘342. ITor a sab. soln. of potassium carbonate at 0°, it. Engel 
gives the sp gr. 1-642. 

The volume u of a»j soln 'with M molB of HagCOg in 100 c.c of water at 0° np 
to 150° is given by K Zepermck and G. Tammann as «=1 0632+0 000773(0—110) 
+0 0000036(0 — U0) 2 fox M=2‘63, and t>=l 0546+0-00797(0— 110)+0 0000023 
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(0— 110) 2 foT Af=5'30. G. T. Gerlach (1859) has measured the expansion of soln. 
of sodium and potassium carbonates ; his results are shown in Table LII. 


Table LII — Volumes oe Solutions or Sodium and Potassium Carbonates at 

Different Temperatures 


Temp 

Sodium carbonate Pei cent NajOO, 

Potassium caibonate Per cent. K a CO a . 

5 

10 

15 

10 

80 

DO 

0 

10000 

1 


1 



6 

10008 

■nH 


iu i i 

10015 

10017 

10 

10018 5 

I !!|l 


mrmm 


H hWm 

15 

10031 


10051 

fiS 1 1 < :H| 



20 

10045 

B ?! 

vP- 1 ' r *H?f 

HTTTH 

10070 

Wm S i rfrHsSl 

30 

10080 

10101 

h m 1 ' iSfi 

• i : wi 

10111 

10111 

40 

10119 

10144 

Hr * 1 1 

Mm 1 1 * :Hi 

10163 

10161 

50 

10166 

mm * i i 

1 

10173 

10198 

10190 

60 

W i * 

HTTTfTH 


■ m 1 i i !■ 

10244 


70 

■ 

H77TH 

h I r 

B St 

10201 

10270 

80 


■rrm . 

mm i { ' 'jHll 

■ 

10340 


100 

Hi * f #71 

m in 


tHi 

10437 


B.p 


10494 


10471 

10460 

104.50 

Temp, at b p 

(100°*5) 

101°’l 

101°’18 

100° 8 

104° 5 

116° 2 


The viscosities of soln. of sodium and potassium carbonate have been measured 
by 8. Arrhenius, 0. Pulvormacher, W,W J Nicol, 12 and by A. Kanitz, The latter’s 
values at 25° for N- } %N~, and soln. aie respectively 1 2847, 1*1367, and 1*0310 for 
sodium oarhonate, and 1 1667, 1*0784, and 1 0192 for potassium carbonate The 
compressibilities and surface tensions have been measured by W 0 Kontgen and 
J. Sohneider, and the diffusion coefi. by J Schubmeister, and J. C. Graham. A soln. 
of 2*9 mols. of sodium carbonate per litre at 10°, has a diffusion coefficient of 0*39 
sq cm, per day ; and one with three mols. of potassium carbonate per litre, 0*60 
sq cm. per day. 

The specific heat of soln. of sodium carbonate have been determined by 
J. C. G do Mangnac, 13 who found that the sp. ht. of soln. with two gram-eq. of 
Na 2 00 3 per 50, 100, and 200 gram-eq. of water, between 21° and 26°, are respet tively 
0 9037, 0 9406, and 0*9675 ; and between 21° and 52°, respectively 0*9072, 0*9435, 
and 0 9695 J Thomson found a 2*9 per cent. soln. at 18* had a sp ht. of 0 958. 
J, C. G de Mangnao also found for soln of two gram-eq. of K 2 C0 8 with 10, 50, 
100, and 200 gram-eq. of water, between 21° and 52°, to be respectively 0 6248, 
0*8509, 0 9157, and 1*0943. 

The effect of sodium, and potassium carbonates on the vapour pressure of 
water has been measured by G. Tammann. 14 Soln. of 10*16, 21*86, and 34*76 
gTms. of sodium caxbonate, Na 2 C 03 , in 100 grms of water lower the vap. press 
of water, at 29*5 mm., respectively by 1*4, 2 6, and 4*2 mm. , and soln. with 24 44, 
85 9, and 136 3 grms. of potassium carbonate m 100 grms of water lower the vap 
press of water, at 18 1 mm , respectively by 1 3, 6 3, and 9 5 mm. According to 
E W. Kuster and M. Grubers, the partial press, of carbon dioxide in the atm is 
about 0 0004 atm., and this suffices to produce a mere trace of hydro carbonate 
in any exposed soln. of sodium carbonate 

The hydrates of sodium carbonate and vapour furnish a system with two 
independent components, and, if one hydrate be present, the system is bivariant, 
and at a given temp,, the hydrate can exist in equilibrium with water vapour at 
different press. ; if two hydrates be present the system is umvariant, and it is 
stable only when the press, at a given temp, has one unique value so that if the 
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press, alters one of the two hydrates becomes unstable W Muller-Erzbach found 
the yap press of decahydiated sodium carbonate to be 11 7 mm at 20°, but it is 
not clear whether this refers to the passage from the decahydrated carbonate to the 
heptahydrated or to the monohydrated carbonate, but he adds that no difference 
was observed m the vap. press until the salt was all converted into the monohydrated 
carbonate, meaning that the decahydrated carbonate passed directly to the mono- 
hydrated carbonate, or the difference in the equilibrium press in passing from the 
decahydrated to the heptahydrated to the monohydrated carbonate is not great. 
H. Lescoeur found the vap press of the decahydrated carbonate at 20° to be 

12 1 mm in harmony with W. Muller-Erzbach ’s value L J Andreae measured 
the difference m the vap press during the passage of the decahydrated to the hepta- 
hydrated carbonate and of the heptahydrated to the monohydrated carbonate ; at 

13 2°, 20 3°, and 30 5° the differences are respectively 0 79, 1 10, and 1 80 mm, 
W Muller-Erzbach also gives for the range between the monohydrated and the 
anhydrous carbonate at 18° and 21°, 0 14 and 0 20 mm respectively The vap 
press of sat. soln at the transition points, where two hydrates exist as solid phases 
side by side, were found by C H. Ketner to be, at about 9°, for the deca- and 
hepta -hydrated salts, and for the deca- and mono-hydrated salts, to be below 5 4 mm, , 
and for the hepta- to the mono-hydrated salt between 4*8 and 4 18 mm Values 
were also obtamed by H W Foote and S R Scholes, and R. E Wilson for the 
vap. press, of the hydrate of potassium carbonate 

The vap press of the three hydrated carbonates calculated from the heats 
of hydration of anhydrous sodium carbonate furnishes the following relation 
between the absolute temp T, and the vap press of the soln m equilibrium with 
the hydrates indicated by the subscript, when 33 denotes the vap press, of water 
at T° and all the press are represented in mm. of mercury 


log 


Pio 7 _ 


393 38 


V 


log 


|-1 2054 ;• log 
y 7 -i 474-77 


ffio-i 


447 64 


V 

-14423 


-1-3695 ; 


r 

l’ 

pi 

K 

/btCOsVti 

JO/iiO+7/feO 

7tf z O+H z O' 


These expressions give vap press, very close to those observed by W Muller- 
Erzbach, H. Lescoeur, and 0 H. Ketner previously indicated The calculated 

differences between 3310-7 and 
£)7 _i are also close to the values 
observed by J. L Andreae Simi- 
larly for the vap press 331-0 for 
the reaction : Na 2 0O s H 2 0 

=Na 2 COg+H 2 0, when the ob- 
served value at 20° is 0 18 mm , 
Iog33i_ 0 =log33— 736 2T“ 1 +0 528. 
The results obtamed by these four 
formula) are plotted m Fig. 70 
The space below the line AB 
represents the sphere of existence 
of anhydrous sodium carbonate , 
the space BACIJ , of the mono- 
hydrated oarbonate ; the space 
DCI, of the heptahydrated car- 
bonate ; the space DEE, the 
decahydrated carbonate, FGJIEE, 
of the soln. in contact with the hydrates indicated in the diagram. FG is the 
vap press curve of water. E denotes the transition points of the deca- to the 
hepta-hydrated salt , and Z, that of the hepta- to the mono-hydrated salt. The 
lines represent equilibrium press of the mixtures there indicated H. Lescoeur 
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70 — Vap. Press of the Various Hydrates of 
Sodium Carbonate. 
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found the vap press of a sat soln of potassium carbonate to be 6-9 mm 
at 20° 

G T. Gerlach measured the boiling points of aq soln of potassium and Bodium 
oarbonates The b p of soln. with 5 2, 10 4, and 51 2 grms. of Na 2 CO a in 100 grins 
of water are respectively 100 5°, 101°, and 105° , and with 22 5, 40, and 202 mins' 
of K2CO3 in 100 grms of water, the b p are respectively 102°, 104°, and 133 5° 
According to T Griffiths, a sat. soln of sodium carbonate' boils at 104-5°' 
G J Mulder gives 105° ; P. Kremers, 106°; and J. Legrand, 104 6°; the two latter 
also give the b p of a sat. soln of potassium carbonate as 135° The freezing 
points of soln. of sodium carbonate have been measured by H. C Jones, B M. Jones 
and E H. Loomis. The mol depressions of the f.p. for Boln. with 0 1061 and 2 122 
grms. of sodium carbonate in 100 c.c. of soln falls from 5 1° to 4 17°. The hvdrolvsis 
of the soln. stultifies the calculation of the degree of ionization of the soln from 
observations on the lowering of the f p. Similar results were obtamed with soln 
containing 01383 and 2 766 grms of K 2 C0 3 m 100 c c of soln for the mol depression 
fell from 5-1 to 4.-39 . The lowering of the f.p. of 100 grms of water with a cram 
of potassium carbonate was found by P RudorfE to be 0 317° ; and by P. M Raoult 
0 303° , for sodium carbonate P. M. Raoult similarly obtained 0'38°. 0. M Despretz 
emphasized the influence of cone, in lowering the f p , and L. C de Coppet examined 
the influence of hydrate formation on the f.p. He found that the lowering of the 
f p. of aq. soln of sodium carbonate is not proportional to the quantity of salt in 
soln., for with increasing cone, the lowering of the f p. becomes less and less— thus 
if A be the observed lowering of the f p. with w grams of salt, the ratio A/u> is 

0- 400 when w was between 1 and 3, but 0 350 when w>=8 With potassium car- 
bonate the lowering of the f p becomes greater and groater the more cone the 
soln A/mi= 0 300 when w= 2, and 0'527 when w—60. 

The index of refraction of dil. soln. of lithium oarbonate was found by 
E. Doumer 16 to be =0-577, and the mol. index M= 42 7 ; likewise for dil soln 
of sodium carbonate, /x.=0 377, and the mol. refraction Mf. t=40 0 ; and for potas- 
sium carbonate, n=0 297, and Afyi=40 8. The mol refraction for the H-line was 
found by J. H. Gladstone and W. Hibbert to ohange from 22 '56 to 22 72 when 
the cono of the soln. changed from 2 26 to 0 095 per cent. Na 2 C0 3 . 

P. Burokhard and P. A Pavxo and 0. A Valson found molten sodium oarbonate 
to be a good conductor of electricity ; there is an evolution of carbon dioxide at 
the anode, and sodium oxido with somo carbon is deposited at the oathode. The 
electrical conductivity of soln of lithium carbonate at 18° have been measured 
by P. Kohlrausch, and G. Vicentini 18 Soln. containing 0-20 and 0 63 grm. of 
lithium oarbonate in 100 grms. of soln were found to have respectively the sp.' gr. 

1- 0006 and 1-0050; the sp. conductivities 34'3xl0 -4 and 88 5x10-*; the eq'. 

conductivities A=63 - 5 and A=61 9 ; and the temp, coeff. are 0-0249 and 0-0269 
at the mean temp. 22°. The calculated valuo of A^.^06. Consequently the 
estimated degree of ionization of a ^N - soln is 60 per cent., but the result’s are 
obscured by hydrolysis. P. Kohlrausoh and E. Gruneisen found for the eq. con- 
ductivities A, of sodium and potassium carbonates in soin. with N gram-oq per 
litre: * 


N ... 10 3 I 

ANa.CO, . . — 27 X 45-5 

AN,CO, . . 18-1 65 6 70 ’7 


0-6 0-1 0-06 0 01 0-006 0-001 
54-5 72 9 80 3 96-2 102 6 112-0 

77-8 94-1 100-7 116 6 120-6 133 0 


The temp, coeff. of the eq. conductivity of sodium carbonate soln. for the mean 
temp. 22 ° ib 0'0265 ; and for potassium carbonate, 0-0249. H. 0. Jones and 
A. P. West, and 0. D£guisno have also studied the temp, coeff. of the conductivity 
of these salts M. H yan Laar studied the formation of sodium hydroxide by' the 
electrolysis of soln of sodium oarbonate with and without the addition of an oxy-salt 
W. Bien calculates the transport number for the anion in 0 05W-sola at 23° to be 
0 590, but as in the case of lithium carbonate hydrolysis interferes with the 
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accuracy of the result. J. Kuscliers value is 0 48 Potassium carbonate was found 
by G. Meslen to be diamagnetic A HeydweilleT found for the dielectric Constant 
respectively of powdered and compact anhydrous sodium carbonate, 2 97 and 
8*44 , 3*37 and 5 33 for decahydrated sodium carbonate ; and 2*61 and 6*61 for 
monohydrated potassium carbonate , 0. B Thwing found 5*62 for potassium 
carbonate 

Aq soln of lithium and sodium carbonates are hydrolyzed and react alkaline 
owing to the formation of the alkali hydroxides : Na 2 C03+2H 2 0=2NaOH+H 2 C0 8 . 
F C. Fluckiger 17 noted in the case of the kthium salt, and H. Rose m the case of 
the sodium salt, that boiling soln give ofi carbon dioxide F. W Kuster and 
M. Graters showed that some carbon dioxide is lost when Boln of sodium carbonate 
are boiled in silver vessels fitted with a silver reflux condenser , as a result, sodium 
hydroxide is formed. For example . 

Time of boiling . . 1 25 3'5 6 0 8 5 23 25 38 0 hrs 

Na a CO s undeoomposed . 06 7 94 6 92 7 91 4 97 0 83 8 per cent. 

NaOH formed . . 3 3 5 4 7 3 8 6 13 0 17 2 „ „ 

This agrees with A E Leighton’s statement that when sodium carbonate is present 
m water used m steam boilers, the boiled water contains sodium hydroxide 
J" Shields and K. Kohchen have measured the degree of hydrolysis of aq. soln. of 
sodium carbonate , the former from measurements on the rate of hydrolysis of 
ethyl acetate, the latter from the decomposition of diacetone-alcohol, 
CH 3 CO.OHa C(CH s ) 2 0Hx=^2CH 3 CO CH 3 The percentage hydrolysis of soln. of 
sodium carbonate of different cone, by the two methods aTe of the same order of 
magnitude : 

Gram-moL Na a CO B . 0*942 0*19 0 094 0 0477 0 0238 

Per oent hydrolysis 0*53 2*12 3 17 4 87 7*10 

The first pair of numbers are by K Kohchen, the others are by J Shields. The 
results show that the degree of hydrolysis is greater, the more dil the soln. The 
degree of hydrolysis also increases with temp. 

The hydrolysis is represented by the equation: Na 2 CO 3 +H 2 O^NaHC03 
+NaOH; followed by NaH00 8 +H 2 0— H 2 CO s +NaOH , and by H 2 C0 8 =C0 2 
+H 2 0. The same result is represented m the language of the ionic hypothesis : 
CO" 8 +H 2 O^HCO' s +OH' , followed by HCO / 8+H2O=H 2 CO 3 +0H' , and by 
H 2 C0 8 ^C0 2 -f-H 2 0 as before All these balanced reactions are in equihbnum 
with one another and the soln contains free sodium hydroxide and free carbon 
dioxide, and the latter, in turn, should be balanced against the carbon dioxide 
m tbe atm , or else carbon dioxide will be absorbed or evolved from the soln according 
as the partial press, of the gas in soln. is greater or less than its partial press m the 
atm. Soln. of sodium carbonate are known to absorb carbon dioxide from tbe air, 
showing that the partial press, of the carbon dioxide in the atm is greater than 
the dissociation press, of the carbon dioxide in the soln., and this is particularly 
the case when soln of sodium carbonate are boiled m open vessels exposed to flame 
gases rich in carbon dioxide. This is confirmed by F. W Kiister and M. Gruters, 
who found that the partial press, of the carbon dioxide from a normal soln. of 
sodium carbonate is 0 000072 atm , while the partial press, of carbon dioxide in 
atm. air is 0*0003 atm ; consequently, under these conditions, the soln. must 
absorb, not give off, gas. Consequently, the solubility will depend on the pro- 
portion of carbon dioxide m the surrounding atm. 

Lithium oarbonate is likewise partially hydrolyzed in soln, : LioCOn ^2Li* 
+C0 ,, 2 , CO^+HaO^HCO^+HO 5 , HCO's+HaOT+HgCOg+OH' ; and H 2 C0 8 
t^HjsO+OOj. Owing to the low solubility of lithium caxbonate, its soln. axe 
necessarily dil., with a proportionally high degree of hydrolysis — about 6 per cent 
of lithium carbonate in a sat soln is hydrolyzed. This means that for every 
hundred Li*-ions there will be about ninety-five CO" s -ions and five each of HC0+ 
10ns and OH'-ions J . Bevad found that the solubility of lithium carbonate 
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increased with the duration of the boiling — thus 100 grms. of water dissolved 
0*80 grin of the carbonate with 15 minutes’ boiling, 0 96 grm. with 30 minutes’ 
boiling. This is explained by assuming that carbon dioxide escapes from the 
Boln. during the ebullition, and to restore the balance, more CO'Vions and HCO'g- 
10 ns are hydrolyzed, as a result more lithium carbonate is dissolved to keep the 
proportion of the CO'Vions to that required by the solubility product The addition 
of carbonic acid to the soln. decreases the proportion ot CO'V lons > C0"8+H 2 C0 3 
=2HC0' 8 (or Li 2 C 03 +H 2 C 03 = 2 LiHC 03 ) This means that more lithium carbonate 
will pass mto soln. to restore the solubility produot to its equilibrium value. This 
explains the ready solubility of lithium carbonate m carbonated water ; and how 
lithium oarbonate is reprecipitated if such a soln. is boiled because the carbon 
dioxide is driven from the system Potassium carbonate, like sodium carbonate, 
is strongly hydrolyzed in aq soln , and the conditions of equilibriuin of the two 
salts appear to be analogous Similar remarks apply to aq soln of rubidium and 
caesium carbonates. These salts all form strongly alkaline liquids when dissolved 
in water. 

Dry carbon dioxide has no appreciable action on dry anhydrous sodium 
carbonate, but if the solid or gas be moist, or if one of the hydrated fonnB of sodium 
carbonate be employed, R Schindler 18 found that carbon dioxide is rapidly absorbed, 
and H. 0 Kreuzberg noted that much hoat is evolved, sufficient in some cases to 
fuse the product Sodium hydrocarbonate, NaHCJCV is the product of the reaction. 
According to P. Mohr and P de Mond6sir, when a little hydrocarbonate is formed, 
it acts as a catalytio agent on the subsequent progress of the reaction On the 
other hand, sodium hydrocarhonate readily decomposes with the evolution of 
carbon dioxide , according to R Kissling, dry sodium hydrocarbonate begins to 
decompose at about 70°, and 0 S Dyer found that the decomposition is rapid at 
120° , slow at 100° , and if dry, there is scarcely any decomposition below 60°. 
0 S. Dyor expresses the opinion that W B. Co wig’s statement that the hydxocar- 
bonate decomposes between 52 6° and 54*6° is based on experiments with the 
imperfectly dried salt R Schindler has shown that dry crystallized hydro- 
carbonate remains unchanged in dry air, hut in moist air, carbon dioxide is liberated, 
and moisture absorbed, H, Lescoour could detect no change by keeping the djy 
hydrocarbonate a month over caustic baryta. A. Gautier also found that moist 
hydrocarhonate readily decomposes, but the dry salt did not lose 0*013 per cent, 
m weight when kept 30 his. under a press, of 15 mm. at 20° ; there was a loss of 
20 per cent when kept lor 4 lira, at 100° ; and the salt completely decomposed 
when kept 18 lira, botwoen 100° and 115°. A Gautier also found that an appreciable 
amount of sodium hydrocarhonate is decomposed m vacuo between 25° and 30°, 
but no decomposition could bo detected after remaining 10 hrs. between 22° and 
25°. V. Uibam found the dissociation press of sodium hydrocarhonate at 100° 
to be approximately 220 mm , and H. Loscoaur adds that the vap press of decom- 
posing sodium hydrocarhonate : 2 NaHC 03 =Na 2 C 0 s+H 20 +C 0 2} remains constant 
from beginning to end, and there is no sign of the formation of an intermediate 
product between Na 2 00 3 and NaHCO s . Similar remarks were made with respect 
to potassium, hydrocarhonate, and H. Lesooeur could find no evidence of the 
transition point with the sodium salt at 90 8° reported by D W. Horn A selection 
of the dissociation press, of sodium hydrocarhonate at different temp, observed by 
R M Caven and H J, S. Sand were : 




80° 

50° 

70° 

90° 

100° 

110° 

Total press 

* 

. 0 6 

40 *9 

160 1 

481 8 

826*2 

1380 mm. 

Press of H«0 
Press of OO a 


. 8 4 

34 ’4 

119*9 

364 0 

606*4 

981 8 mm. 

* 

. 1-2 

6*6, 

30*2 

117 8 

220-8 

390 0 mm. 

R M. Caven and H 

J, S. Sand’s results are 

higher than 

those obtained 


H. Lescceur, and it is suggested that the latter’s measurements, were made on 
systems which are not in a state of true equffibrium, R, M. Caven and 
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H. J. S Sand represent the observed vap press, p at T° K , by log ^=11-8185 
—33 40/Y mm ; they also found the dissociation press of potassium hydrogen 
carbonate to be 41 mm at 63 7° ; 56 6 mm. at 104 6° , 503 1 mm at 147 8° ; 
and 733 0 mm. at 156° , and they represent their observations by log p 
5=10*832— 3420/T mm H Lescceux found the Vap press of this salt at 100° 
remains constant during the decomposition. Similarly, the dissociation press 
p of rubidium hydrocarbonate at T°k is log p = 12 712— 4300/T mm , and of 
csesium. carbonate, log p =16*930 — 6300 IT mm The observations with the four 
hydrocarbonates are summarized in Fig 71. The constancy of the vap press 
of sodium hydro carbonate noted by H Lescceur does not necessarily prove that 
no trona, Na 2 C0 3 NaHCO s 2H 2 0, is formed, 5NaHC0 3 =Na 2 C0 3 NaHCO s 2H 2 0 
+Na 2 C0 s +2C0 2j because, according to the phase rule, a system with four phases 
and three components is tervanant, so that all combinations between NaHC0 3 and 
trona, Na 2 CO a NaHC0 3 2H s O, must exercise the same press. Trona is stable at 
ordinary temp , and at 100° it gives an approximately constant press of 496 mm 
until the greater part of the water, and but little carbon dioxide, is lost ; the press 
then drops to 182 mm , where it remains until all is converted into anhydrous 
sodium carbonate. The dissociation press of the alkali hydxocarbonates show 
that their stabilities towards heat increase with rise of at wt of the metal, but the 

change m passing from potassium to the sodium 
salt is markedly different from that between 
any other two elements Some partially 
decomposed hydrocarbonate gave a press of 
800 mm ; this then fell to approximately 189 
mm,, and later on to the same valuo as trona. 
M Soury heated a mixture of 27 54 grms of 
sodium hydrocarbonate to 100°, and measured 
the press, after the removal of carbon dioxide 
in successive portions The total volume of 
carbon dioxide obtainable from the above 
mixture is 3660 c c The tension of the car- 
bonic acid decreases as fast as the carbon 
dioxide is progressively removed, hut there are 
two periods of constant press : (1) from the 
removal of 260 to 1760 c o. of the dioxide ; (2) 
from 2560 to 3210 c c In the first case, the 
two solid phases are the hydrocarbonate and a lower carbonate of the composition 
3Na 2 0 4C0 2 5H 2 0 ; at the second period of constant press the solid phases are in 
all probability the salt last mentioned and the normal carbonate, Na 2 0 C0 2 H 2 0 
H Rose similarly showed that the dry crystals of potassium hydrocarbonate 
are fairly stable in air, and lose only 0 05 per cent when kept 24 hxs m vacuo over 
sulphuric acid, and 0 47 per cent in air co nfin ed over potassium hydroxide 
F Pisam also found that native potassium hydrocarbonate, kalcmite, are not 
changed by exposure to air. D Gernez found very httle potassium hydrocarbonate 
is decomposed in a closed vessel at 10°, but m a stream of inert gas — air, hydrogen, 
or nitrogen — carbon dioxide is slowly removed, and normal potassium carbonate 
is formed When heated to 190° or 200°, M. Jacquelam says the crystals are 
completely decomposed- 2KHCO3==K 2 CO3+0O 2 +H2O. A. Gautier says that 
dry potassium hydro carbonate does not decompose in vacuo at 22°-25°, but does 
appreciably decompose at 25° -30° H. C Dibbits says that the potassium salt 
decomposes more rapidly than the sodium salt because the normal carbonate is 
deliquescent and forms a soln. with the undecomposed hydro carbonate which 
readily decomposes A, Gautier says that potassium hydrocarbonate decomposes 
more slowly than the sodium salt at 100°, and M Ballo made a similar observation 
at 98°, and he noted that at 98° the loss per hour was 0 29 per cent . and at 135°, 
8'43 per cent. It is sometimes argued that the formation of normal sodium carbonate 
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by the calcination of solid sodium hydrogen carbonate proceeds at too low a temp, 
to make it probable that the sodium atom of one mol, displaces the hydrogen atom 
of another mol It is considered that the reaction must be mtm- not inler-mol. 
Hence, the mol is represented (NaHC0 8 ) 2 , or as a double salt of sodium carbonate 
and carbonic acid, NagCOs HgCOg 

Although dry sodium hydrocarbonate requires but a moderate heat for its 
decomposition, it is fairly stable at ordinary temp. , aq soln are less stable than 
the dry salt. J. W Dobereiner noticed that when a soln of sodium hydrocarbonate 
is evaporated rapidly in vacuo about one-fourlh of the carbon dioxide is lost. 
R. Schindler said that a soln of the salt m 14 tunes its weight of water, is not changed 
in air , but if a small proportion of water be present, the hydro carbonate loses 
carbon dioxide in air, even below 0°, and this the more rapidly the higher the 
temp , until nothing but the normal carbonate remains. H. Rose found that a 
soln of sodium hydrocarbonate loses carbon dioxide when evaporated at ordinary 
temp, over cone sulphuric acid and potassium hydroxide If the residue be dis 
solved in water and again evaporated a residue of the normal carbonate almost 
free from the hydrocarbonate is obtained H. Rose also noted that by boiling 
the aq. soln half the contained carbon dioxide can be driven off so that the normal 
carbonate remains H. Rose further found that aq. soln. of potassium hydro- 
carbonate behave similarly, but decompose even more rapidly than soln of sodium 
hydrocarbonate. R Bunsen and G Kirchhoff also noted that soln of rubidium 
and caesium hydrocarbonates readily lose carbon dioxide when boiled C. 0. Gmelin 
and C E. Rammelsberg observed likewise that soln. of lithium hydrocarbonate 
give the normal oarbonate when allowed to stand in air or when evaporated to 
dryness. G Magnus removed carbon dioxide from a soln of sodium hydrocarbonate, 
at ordinary temp , by a stream of hydrogen , and R. E. Marchand obtained a similar 
result at 0° by a stream of 1 5 X 10® c c. air At 38° R E. Marchand converted 
95 per cent, of the hydrocarbonate into the normal carbonate by aspirating 2X10 6 
c c. of air through the soln , and concluded that all would have been transformed 
had the action been sufficiently prolonged H. C Dibbits made some experiments 
on the equilibrium press, of sodium and potassium hydrocarbonates m sat. aq 
soln. He found 

15 ° 30 ° 40 ° 60 ° 

Press , JSTaHCOj, . . 120 212 356 563 mm 

Soln. of the alkali hydrooarbonates have a feebly alkaline reaction. E W, Kustex, 
and E, P. Treadwell and M. Reuter showed that the soln of sodium hydrocarbonate 
at ordinary temp. coIouts phonolphthalein red, but, in consequence of the reversal 
of the hydrolysis, the coloration disappears when the temp, approaches 0°. 
Potassium hydrocarbonate is almost neutral towards phenolphthalein but at great 
dilutions, the soln have an alkaline reaction : KHC 03 +H 2 0 =K 0 H+H 2 0 +C 0 2 . 
The partial press, of the carbon dioxide is therefore greater in dil. than in cone, 
soln , and in hot than in cold soln. E. P. Treadwell and M. Reuter also made some 
determination of the composition of a ^iV-soln. of sodium hydrocarbonate when 
the partial press, varied from 2 to 4 per cent, of an atm H 0. Dibbits pointed 
out the errors which have arisen in measuring the solubility of sodium hydro- 
carbonate owing to the lack of precautions to prevent the loss of carbon dioxide, 
and consequent formation of the normal carbonate, so that the results represented 
not the solubility of the hydrocarbonate, but rather a mixture of this salt with an 
indefinite proportion of the normal carbonate G Lunge, I Rosenthal and 
E. K. Cameron have emphasized the loss of carbon dioxide by soln. of sodium 
hydrocarbonate in connection with analysis of carbonates, hydrooarbonates, and 
gases containing carbon dioxide. 

A soln. of sodium carbonate, Na 2 C0 8 , absorbs oaibon dioxide from theratm... 
forming some hydrocarbonate, NaHCOg, and E. K. Cameron and Jj: J. Briggs 
studied the formation of sodium hydrocarbonate in Boln. of the normal carbonate 
and found equilibrium was attained in about a week’s time. The higher the temp. 
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and the more cone, the soln , the less the percentage conversion , at 100°, very little 
hydrocarbonate is formed H M McCoy also investigated the conversion of 
carbonate to hydrocarbonate by air containing different proportions of carbon 
dioxide, in soln at 25° barometer 712 mm Fig 72 shows H M McCoy’s equilibrium 
curves for sodium carbonate and hydrocarbonate m soln of different cono , and in 
atm conta inin g different amounts of carbon dioxide The partial press, of the 
carbon dioxide m atm is indicated in the respective curves From these results 
it follows that at 25° m air m which the carbon dioxide has normally a partial press 
of 0'00028 atm a considerable proportion of hydrocarbonate is present when a 
soln of sodium carbonate has assumed a state of equihbnum It also follows 
that a soln of the hydrocarbonate is unstable in atm air, for a normal hydro- 
carbonate soln loses carbon dioxide until but 12 per cent of the sodium is present 
in equilibrium as hydrocarbonate With higher partial press of carbon dioxide a 
larger proportion of hydrocarbonate remains undecomposed Raising the temp, 
lessens the proportion of hydrocarbonate which can exist m soln m equilibrium 
with air. G Bodlander and P Breull have shown that the soln is stable if an 
excess of carbon dioxide be present Only 0 04 per cent, of the salt is decomposed 
if the soln he sat with oarbon dioxide — the solubility of sodium hydrocarbonate 
is much influenced by the amount decomposed, and satisfactory data can he obtained 

only when the press of the carbon dioxide is 
constant. Y Urbam found that the dissociation 
of sodium hydrocarbonate is retarded when the 
soln contains sugar or gum The addition of 
sodium hydrophosphate helps to control the 
neutrality of soln. for medicinal purposes 

Representmg cone by the symbols of the 
compounds m brackets, L T Henderson and 
0. F. Blaok have shown that m mixed soln of 
the two salts, ^[NaH 2 P0 4 ]/[Na 2 HP0 4 ] 
= AgPIaCOgl/tNaHCOa] , where Jc x =2 ' 5 +10” 7 

and A 2 =3*8+10” 7 . The loss of carbon dioxide 
by soln of the hydrocarbonate is conditioned by 
(l) the weakness of carbonic acid, H 2 C0 s , as an 
acid; (ii) the acid character of sodium hydro- 
carbonate , (in) the ready dissociation of carbonic 
acid , and (iv) the low solubility of carbon dioxide 
in water so that the carbonic acid existing in soln necessitates a certain gaseous 
press, of carbon dioxide , and the ratio of the two represents the solubility 
of the gas In a system containing a dil. soln of sodium hydrocarbonate 
and vapour, the oono. of the carbon dioxide in the vapour is a measure of 
the carbon dioxide in the soln , but the cone of the carbon dioxide in the 
vapour is not a measure of the degree of hydrolysis * NaHCOs+HgOr^NaOH 
+H 2 G0 8 , because equilibrium is much more complex than this. For 
mstanoe, sodium hydrocarbonate acts as an acid on the sodium hydroxide : 
NaHC0 8 +Na0Hv^Na 2 C0 3 +H20 If represents the cono of the sodium 
hydrocarbonate , G 2 , of normal sodium carbonate . Cg, of sodi um hydroxide ; 
and 0 4 , of carbonic acid, the condition of equilibrium m the reaction NaHCOg 
+H 2 0^Na0H+H 2 C0 3) as C f fl 0 4 =A r 1 (7i J where K x is the dissociation constant or 
the constant of proportion; similarly for NaHCO s +NaOH^H 2 0+Na 2 C0 8 , 
By combining these two results, it follows that G^jC^Q^K^jKi^E, 
the equilibrium, constant of the system. G. Bodlander obtamed an analogous 
expression for dil. Boln on the ionic hypothesis The cone of the carbon dioxide 
m soln. if equal to the product of the partial press, p of the carbon dioxide m the 
atm and the solubility constant A, bo that C^—hp Again, if one mol of sodium 
hydrocarbonate be dissolved in v litres of water, and when eq uilib rium is attained 
x mols. of hydrocarbonate remain unchanged, so that Ci=x/v ; and 1 — x mols, of 
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hydrocaTbonate are converted into J(1 — x) mols of normal carbonate, so that 
G 1= £(l— x)/v. If, therefore, 0 denotes the cone, of the sodium in gTam-atoms per 
litre, C= 1/v, and G 1 z =KC 2 O a , or 2x 2 C=kp(l — x)K. A litre of water at 25° 
dissolves 0 8256 litre or 0 0338 mols of carbon dioxide at 25° and 760 mm., so that 
Jc= 0 0338 For dil soln , H N McCoy found that k is very nearly 5300 — for 
example, with a soln 0 09992V with respect to the sodium, when x=0 682, and 
p, 0 00161, k , 6320 

J Walker and W Cormack found the ionization constant of carbonic acid 
[H][HC03 / j==fc2[H 2 C03] to be &2=3 04xl0"“ 7 J, Kendall’s value for at 0° 
is 2 24Xl0“ 7 , at 18°, 3 12 XlO" 7 ; and at 25°, 3*5 XlO " 7 The value of the 
second ionization constant, [H ][C0g"]=^[HC0 s '], is not so clear H N McCoy 
determined the ratio ^/^=[HC0 3 ^ 2 /[C0g // ][H2C0 a ], and J. Shields determined 
the ratio ^/^^[HCOg'XOHJ/fCOg"] from experiments on the hydrolysis of ethyl 
acetate , F. Auerbach and H Pick used a colorimetric process for the ratio 
kw/fcz, where k w is the ionization constant for water. At 25°, H N McCoy gives 
^=r2xl0“ u , F. Auerbach and H. Pick, 105xl0*“ u ; C W Kanolt, 

0 82 XlO" 14 , F. C Frary and A H Nietz, 176 XlO" 14 ; and J Johnston, and 
G N Lewis and M Randell, 0 8x10" 14 0 A Seyler and P V Lloyd found 

£3=4*27x10“ 11 at 25°, so that the ratio k 2 lk2r=^124:, and ^/fts==19 2xl0" 5 . 
The numerical values of two ratios k^jk^ and kyi/k^ increase on dilution, but not m 
the same proportion. C A Seyler and P V. Lloyd showed that the apparent 
variations in the second ionization constant are due to the ionization of sodium 
hydro carbonate (a) and of normal sodium carbonate (£) If k c be the value of the 
ratio [NaHC0 8 ]/[Na 3 C03][H2C03] ) and ^that of the ratio [NaHC0 3 ][0H]/[Na 2 C0 3 ], 
and if the ionization of the hydrocaibonate and carbonate be respectively a and £, 
kz/ks—kcofi/f} ; and k w /k 3 =k d a/^ } so that k 0 and k d do not increase proportionally 
J. Stieglitz assumed the ionization constant a of the hydro carbonate to be the 
same as that of sodium acetate, at the same mol cone , and this was confirmed by 
0 A Seyler and P L Lloyd either alone or in the presence of chloride or carbonate. 

J Stieglitz assumed that the ionization constant £ of sodium carbonate is nearly 
the same as that of the sulphate, so that £=0 687 for a cone 100 XlO" 8 ; and 
£=0 684 for a cono 300 XlO" 8 W. D HaTkms estimates £=0 598 for a cone 
100 XlO" 8 , and £'=0 420 for a cono. 1000 XlO" 8 . F Auerbach and H. Pick 
assume £=0 60 for a cone. 95 XlO" 8 C A Seyler and P. V Lloyd estimate that 
the value of £, the ionization of sodium carbonate (in respect of the C0 3 -ion) between 
eq. cone 1000 XlO" 8 and 100 XlO" 8 (and probably at higher dilutions) may be 
approximately represented by the empirical formula £=1*104— 0*320 log O, where 
C is the sodium cone, in milligram-eq per litre. In the presence of sodium chloride, 
the apparent value of £ is greater than for pure bicarbonate and carbonate soln 
at the same sodium cone. If r is the ratio of sodium as chloride to sodium as bicar- 
bonate and carbonate, then £=(1*104— 0 320 log 0){1 — 0*1612 log (r-+-l) }/{ 1 — 0*3096 
log (r+1)}. Those values are less than those estimated foi the conductivity of , 
sodium sulphate. 0. A Seyler and P V. Lloyd found that sodium carbonate 
ionizes in two stages. In the first stage, Na 2 C0 8 x=^Na +NaC0 3 ', where tho ioniza- 
tion constant is A a =[Na][NaC0 8 ]/[Na 2 C0 s ] In the second stage, NaCJOg'^Na* 
+COg", in which the ionization constant £a=[Na][C0 8 ]/[NaC0 8 ] is smaller and 
more constant than the first. The numerical values of these constants foT soln 
with the cone, (7=50, 200,, and 500 milli-eq. of Na per litre, are & a =OT060, 0*2690, 
and 0 3760 respectively when &&= 0 0870, 0*1240, and 0 1190. 

H Moissan 19 found that sodium carbonate -is attacked by fluorine in the cold. 
H. Quantm showed that when sodium carbonate and carbon tetrachloride aTe heated 
together, sodium chloride, oarbon dioxide, and carbonyl chloride are produced 
M J Fordos and A. G61is obtained a mixture of sodium sulphide and thiosulphate 
by heating an intimate mixture of the sodium carbonate and sulphur to 275°; 
while H E Schone says that if the mixture is fused, a mixture of sodium trisulphide 
and sulphate is formed, J, B, Senderens found that sulphur acts slowly on a soln. 
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of potassium carbonate at ordinary temp , but rapidly if boiled, forming the thio- 
sulphate and a polysulphide ; if the reaction is allowed to proceed in a sealed tube 
there is but little change because of the counter-reaction According to J Sauer- 
schmg, hydrogen sulphide partially displaces the carbon dioxide from soln. of 
potassium carbonate, forming a mixture of potassium hydrocarbonate and hydro- 
Bulphide. M Berthelot obtained a mixture of potassium sulphide and sulphate 
by passing sulphur dioxide over potassium carbonate heated to redness A. Terreil 
sayB antimony sulphide has no action on a soln. of potassium carbonate, but 
with sodi um carbonate, the mineral kerrnes is produced. In the dry way, 
potassium produces more mineral kerrnes than the sodium salt The alkali 
oarbonates are all decomposed by acids with the liberation of oarbon dioxide ; 
and when fused with silica* titanic oxide, or zircoma, carbon dioxide is 
likewise liberated With bone acid a metaborate is formed , with alumina, 
an aluminate , and, according to E. G-. Schafigotsch, ferric oxide , and, according 
to A Stromeyer, ferrous oxide, dnve out the carbon dioxide from fused sodium 
carbonate, and form a green mass of alkali ferrite. E. Kopp found that ferrous 
sulphide under similar condition, gives a mixture of carbon monoxide and 
dioxide gases in the proportions 1 : S, and forms a very dark-green mass which 
dissolves in water forming a dark-brown soln which turns dark green on exposure 
to air and contains sodium hydroxide and a double sulphide of sodium and iron 
Sodium and potassium carbonates are reduced by carbon at a high temp , and, 
early m the nineteenth century, the metals were prepared by this reaction. Lithium 
carbonate under similar conditions forms lithia, not the metal, but if heated m an 
electric furnace with an excess of carbon, it forms a carbide, Li 2 C 0 s+ 4 C=Li 2 C 2 
+ 3 CO, and in this respect it resembles the alkaline eaTth rather than the alkali 
family. E. Yigouroux found the alkali carbonates form silicates when fused with 
silicon. As previously indicated, the salt is decomposed when heated in a stream 
of hydrogen, but, according to K. Stammer, not by carbon monoxide. L. Frank 
found that sodium is also produced when the carbonate mixed with aluminium 
powder is heated in a stream of hydrogen. According to G. Dragendoifi, when a 
mol of sodium carbonate is heated to redness with six gram-atoms of phosphorus, 
sodium phosphate, oarbon, and carbon monoxide are formed: 2P+3Na 2 C0 3 
=2N‘a 8 P0 4 +2C-fC0— the reaction begins at 220°, and if completed at 240°, a 
brown substance resembling humus is produced instead of carbon-— possibly an 
unstable caibon phosphide is formed at the lower temp. E. C. Franklin and 
C. A. Kxaus ieport that sodium carbonate is insoluble in liquid ammonia. 
H. Gbaud found that a cone. soln. of potassium carbonate sat. with ammonia 
separates into two layerB — the upper one contains almost all the ammonia, and the 
lower one the potassium carbonate. The latter is virtually insoluble m the ammonia 
soln. The two layers coalesce when heated in a sealed tube, but separate again 
on cooling R. Abegg and H. Riesenfeld found the vap. press of a normal soln. 
of ammonia at 25° to be IS‘45' mm., and in the presence of N- } and l^A r -K 2 GO s , 
the vap. press, rose respectively to 17 TO, 20*75, and 24*40 mm. For the action of 
the hydroxides of the alkaline earths, see the alkali hydroxides. 

According to F. A. Fluckiger, lithium forms a basic carbonate ; lithium, oxyewr- 
lonate is a crystalline compound of lithium oxide and carbonate whose composition 
and limits of existence have not been explored. According to H. le Chateliex, the 
fusion curve of mixtures of potassium and hthium carbonates shows two eutectics, 
one at 500° and the other at 492°, corresponding respectively with 26 and 46*6 
per cent, of lithium carbonate. The intermediate maximum at 515° corresponds 
with the formation of the double salt, lithium potassium carbonate, L 1 KCO 3 

E, Mitacherhch found that an intimate mixture of potassium and sodium carbonates 
fuses at a lower temp than either salt alone, and E. Stolba found that at ordinary temp, 
the sp* gr, ol the fused mass was 2 53-2 56. H le Chatelier obtained the V -eutectic at 
690° with 48 5 per cent Na 2 CO s with no sign of the formation of a compound of the two 
gaits at fusion temp. These facte of course do not prove the formation of a chemical 
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individual as a complex of the two salts ; indeed, as previously indicated, JP. Eiggli found 
that a senes of mixed crystals is formed under these conditions F Margueritt© claimed 
to have obtained a double oarbonate by the repeated crystallization of the mother liquor 
obtained m the manufacture of potassium ferroeyamde, and by cone a soln cont aini ng 
a mixture of the two carbonates with an excess of the potassium salt J C G de Mangnao 
obtained large crystals of what he regarded as a double salt m a similar manner , and 
added that if the soln bo cone in. vaouo, crystals of monohydrated sodium carbonate, 
NajCO^ H 2 0, are alone obtained The salt has also been obtamod by F Stolba, and by 
W. Giafi from the potash obtained as a by-product m the manufacture of beet sugar 

The composition of F Marguentte’s crystals formed from soln with an excess of potas- 
sium oarbonate corresponds with ootodecahydrated sodium potassium tncarbonate, 
K a OO, 2Na 2 C0 3 H a O According to .T. G G de Mangnao, and F Stolba, the monoclmio 
crystals formed from approximately equi -molecular proportions of the two carbonates, 
have the composition of hexahydrated sodium potassium cai bonalc , TCNaCOg 6H fi O. The axial 
ratios measured bytheformer were a b 0=0 9045 1 0 8143, and ^9= 131° 48' The crystals 
have also been measured by A Knop, and by V von Zepharovich , the latter showed that 
the habit of the crystals is very sensitive to the composition of the soln Tho solubility 
of mixtures of the two salts at 25° shows no signs of the formation of any other double salt 
than Na a C0 3 K a CO a 12H 2 0. F Stolba says the crystals are decomposed by recrystalhza- 
tion from water, and that crystals nohor m sodium crystallize from the soln unless an 
excess of the potassium salt bo addod to the soln F Stolba also says that 100 grins of 
water at 12 6® dissolve 133 3 grins of the salt, and at 16°, 185 2 grms of the salt — the 
latter soln has a sp gr. 1*366. F Stolba found tho sp. gr. of the crystals to be 1 61-1 *63 
at 14° H von Fehling says the crystals aro slightly hygroscopic, and effloresce m dry 
ai r * they lose almost all thoir water at 100°. L Hugounenq and «T Morel say the spon- 
taneous crystallization of soln containing 495 ’9 grms of potassium iodide, 10 3 of potassium 
carbonate, 77 3 of sodium carbonate; 42*0 of disochum hydrophosphato , and 58 3 of 
sodium chloride furnish monoolimc prisms with axial ratios aib c=0 7104: 1:0 7800, 
and 8=104° 25'. The crytlals have tho composition dodecahydrated potassium trisodtum 
dicarbonate, KK'a 3 (C0 3 ) E 12H.O, or KNaC0 3 Na a C0 3 .12H E 0, or Iv a CO a 3^,00, 24H 3 0. 
The crystals elHoresco m air, thoy molt m their water of crystallization at 40°, and dissolve 
in their own weight of water When recrystallized from water, the composition of the 
product approximates closely to F. Marguentto’s salt. The composition o± the orystale 
is so sensitive to the composition of the soln that L Hugounenq and J. Morel concluded 
that mixed crystals and not true double salts are produced 

E Brunner found tho following conditions obtain between fused sodium and alkali 
carbonates and chlorides or bromides at 900° : 52 per cent, of (KC1+ JNa 2 G0 3 )^48 
per cent of (Na01+£K 2 C03) ; 63 per cent of (KCl+-JLi a C0 8 )v^37 per cent of 
(L1CI+4K2CO3) ; 53 per cent, of (KBr+£Na 2 C0 8 )v^47 per cent of (NaBr+4K 2 C0 8 ) ; 
56 per cent, of (NaOr+^L^COg)^^^ per cent, of (LiCl+PTa a C0 3 ). 

M. Amadori studied fused mixtures of sodium fluoride and carbonate • no com- 
pound is formed, and tho salts aro not miscible in the solid state. There is a eutectic 
at 690° and 39 mols per cent sodium fluoride. Similar results obtain with sodium 
chloride and carbonate. There is an eutectic at 636° and 59 mols per cent, of 
sodium chloride. Similarly, with potassium fluoride and carbonate, there is with a 
eutectic at 636° and 65 mols. per oent of potassium chloride. With the system 
potassium fluoride and carbonate there is a eutectic at 688° with nearly 4.6 mols. 
per cent, of potassium fluoride, and another eutectic at 682° with 62 mols per cent, 
of potassium fluoride ; there is a slight rise in the m.p. between the two eutectics, 
corresponding with the formation of potassium fluorocarbonate, KF.K 2 OO a . 
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§ 32. The Alkali Hydrocarbonates, Bicarbonates, or Acid Carbonates 

A. Arfvedson noticed, that the solubility of kthrum carbonate in water is mcieased 
if the water be sat. with carbon dioxide ; the solubility is increased nearly five-fold, 
for L. Troost 1 found that under these conditions, the solubility in 100 grins, of 
waters 5*25 grins , A. Goldammer gives 5‘45 grins , and J. Bevad, 6'501 grins. 

* j Carles also found the solubility of lithium carbonate is augmented if 
alkali hydrocarbonates are present in the sola. A. Arfvedson found that a crystalline 
crust is obtained by the evaporation of the soln. of lithium carbonate m carbonated 
water, the product was shown by C. G Gmelm, and C. F. Rammelsberg to be normal 
lithium carbonate Lithium hydrocarbonate has not therefore been isolated, 
although there is little doubt about its existence m aq. soln.— q.v. P. N. Raikow 
says that a soln of lithium carbonate does not absorb enough carbon dioxide to 
convert all the normal salt into the hydrocarbonate. 

The direct product of the ammonia-soda process and its modifications is 
sodium hydrocarbonate j, NaHCOg ; and as indicated m connection with the 
occurrence of sodium carbonate, it occurs in alkaline spring waters , in association 
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with the normal carbonate as trona and nrao , but not alone as sodium hydro- 
carbonate *When caxbon dioxide is passed through a soln. of sodium carbonate 
m twice its weight of water, sodium hydxocarbonate is precipitated, but the absorp- 
tion of the gas is slow at ordinary press , and therefore H. 0 Kreuzburg recom- 
mended working with the gas under press L Meyer has studied quantitatively 
the absorption of carbon dioxide by soln, of sodium carbonate ; and the relations 
between carbon dioxide and sodium carbonate and hydro carbonate have been 
previously discussed L. Pesci claims to have prepared potassium or sodium 
hydrooarbonate free from the chloride or nitrate by the following process : 

A soln of potassium hydroxide or sodium carbonate in 80 per cent alcohol is sat. with 
carbon dioxido At first, normal carbonate is formed which, withdraws the water from 
the alcohol, forming a dense stratum at the bottom of the vessel, but on continuing the 
passage of the gas this becomes pasty from deposition of crystals of the hydrocarhonate. 
The alcohol, containing chlorides and nitrates, is now decanted and replaced by a fresh 
quantity, the passage of the gas being continued, with occasional agitation, until the pasty 
precipitate becomes pulverulent and the liquid is sat with carbonic anhydride. The 
hydrocarhonate, after being thoroughly washed with alcohol, is found to be quite pure. 

It is formed under many conditions when powdered and moist solid sodium carbonate 
or one of the hydrates is exposed to the action of carbon dioxide. H. C. Kreuzburg, 
W. Mahlenbxook, J, J. Berzelius, 2 F. Mohx, F. Schaffer, P. de Mondfoir, 
W F. W. Artus, W. F. Ckanning, and M. Jacquelain used tins method of prepara- 
tion. R. Smith and P. F G Boullay pointed out that the spongy friable mass so 
obtained must be pulverized and repeatedly washed with cold water to free it from 
the unconverted carbonate ; and R Schindler, that the salt must be rapidly dried 
after washing because it loses carbon dioxide rapidly if exposed in a moist condition 
to the air, or it may be dried at 37°, and once more exposed to the action of the 
gas R. Schindler also adds that if the salt be fully sat. with carbon dioxide it 
no longor reddens turmeric nor gives a precipitate with a very dil. soln. of mercuric 
chloride, but with a cone, soln., a white precipitate is formed which in a few minutes 
becomes red and then purple , if the least amount of normal carbonate be present, 
the preoipitate is reddiBh-brown. T. Bergmarm described this reaction m 1774:. 
If some ammonium carbonate be present, the precipitate with normal carbonate is 
white. G. Patoin noted that sodium hydxocarbonate gives no precipitate with a 
soln. of magnesium sulphate. E. Blitz says that the first effect on mixing eq. 
quantities of sodium hydrocarbonate and mercuric chloride is the formation of a 
white opalescence, then a reddeningof the liquid, and the formation of a dark-red 
preoipitate of 2Hg01 2 .3H 2 0. H. Hager says that mercurous ohloride succeeds 
better than mercuric chloride ; if 0*5 grm. of mercurous ohloride, 1 0 grm. of sodium 
hydrooarbonate, and 1*5 grms of water be shabon together, no darkening occurs 
m the absence of normal sodium carbonate, but if the last-named salt be present a 
more or less intense grey coloration appears. Sodium hydxocarbonate can be prepared 
by the action of ammonium carbonate on sodium carbonate. F. Schaffer allowed 
an intimate mixture of commercial ammonium carbonate with three to four times 
its weight of docahydrated sodium carbonate to stand for 24. hrs with the slurry-like 
mass exposed to the sun on absorbent paper or porous tiles. The last traces of 
ammonia escape with the water, and a chalk-hke mass of sodium hydiooarbonate 
remains. According to R. Schindler, a mixture of sodium monohydrated carbonate 
with two-thirds its weight of ammonium carbonate, when exposed to air between 
25° and 30°, gives off unebangod ammonium carbonate and furnishes normal sodium 
carbonate, but at 75°, the mixture gives off ammonia and leaves a residue of sodium 
hydrooarbonate. F. L Winckler recommended modifications of the ammonium 
carbonate process. J. N Planoiva prepared sodium hydrooarbonate by the action 
of sulphuric acid on a soln of sodium carbonate ; R Schindler used acetic acid. 

A bottle containing a soln of 286*4 grms. of docahydrated sodium oarbonato dissolved 
in twice its weight of water is closed by a stopper fitted with a tube-funnel drawn to a very 



774 


INORGANIC AND THEORETICAL CHEMISTRY 


fin© tip, and dipping about an inch below the surface of the eoln 49 grins of sulphuno 
acid are carefully poured through the funnel. The mixture is allowed to stand without 
agitation for several days. Crystals of sodium hydrocarbonate are formed These aie 
collected, washed, and dried. The finer the tip of the tube-funnel, adds R Schindler, 
and the more slowly the sulphuric acid runs mto the liquid, the better the crystals , the 
least shaking is disadvantageous amoe carbon dioxide is thereby evolved If acetic acid 
be used, some shaking is needed 


The corresponding potassium hydrocarbonate, KHCO s , was reported by 
E Pisani 8 to occur at Chypis (Canton Wallis) as a mineral which he called haheme 
or Jcalemmtp, with the composition : K a 0, 4 2 60 per cent , MgO, 0*64 , CaO, 1 40 , 
C0 2 , 44 00 , H 2 0, 7*76 , sand, etc , 3 60. It is obtained by similar processes to 
those employed for the sodium salt. F A Cartheuser, M Weitzel, and F Mohr 
made it by passing carbon dioxide mto a cone soln of potassium carbonate when 
the sparingly soluble hydro carbonate crystallizes out. The absorption of the gas 
is slow at first, but proceeds more quickly the more cone the soln , and F Wohler 
used solid potassium carbonate moistened with a little water The carbonate was 
made m a poTous form by the ignition of the tartrate, and the vessel was kept cool 
by surrounding it with cold water because during the absorption of the carbon 
dioxide much heat is evolved. The crystals of the hydrocarbonate were treated 
with a little water at 60°, filtered, and, on cooling, most of the hydrocarbonate 
separates in large crystals A. Duflos used an analogous process H. 0 Kreuzburg 
treated potassium carbonate moistened with alcohol m a similar manner. 
F. A. Carthenser also made potassium hydrocarbonate by the action of ammonium 
carbonate on a cone soln of the normal carbonate. A Duflos, W. H S Buchholz, 
and J. B Trommsdorf used a similar process M Sehlmeycr and I Folix mixed 
a cone soln of potassium carbonate at 75° with barely enough acetjo acid or cream 
of tartar to sat all the potassium The acid is added gradually, and so soon as 

the soln begins to efferversee it is filtered, and crystals of the hydrocarbonate 

separate out on cooling 

R. Bunsen and G Kirchhoff 4 made rubidium hydrocarbonate, RbHC0 3 , by 
evaporating over sulphuric acid, a soln of rubidium carbonate m water sat with 
carbon dioxide and in an atm. of carbon dioxide. Similar remarks apply to caesium 
hydrocarbonate, CsHCO s 

The crystals of sodium and potassium hydrocarbonates are monochnic prisms 
According to J. Schabus, 5 the crystals of sodium hydrocarbonate, NaHCO s , have 
the axial ratios a . 6 - c= 0 7645 : 1 : 0 3582, and £=93* 19' ; and, according to 

H J Brooke, the crystals of potassium hydrocarbonate, KHCOo, have 

a b : c=2 6770 : 1 : 1 3115, and £=103° 25' . 0. F Rammelsberg, A. Levy, 
H, de S&iannont, and H St 0 Deville investigated the crystals of the last-named 
salt. W. 0. Smith’s value for the specific gravity of the sodium hydrocarbonate 
is 2 159 ; H, Buignet’s, 2 163 ; F. Stolba’s, 2*2208 (15°) ; H G. F Schroder's, 
2 206 ] L. Playfair and J. P Joule’s, 2*192 W. 0 Smith’s value for the sp. gr 
of potassium hydrooarbonate is 2 078 ; H. Buignet’s, L. Playfair and J P Joule’s 
2 092 


The dissociation press of the alkali hydrocarbonates at different temp, have 
been previously discussed, and the results show the increasing stability of these Balts 
as the at. wt. increase m magnitude. 

W E Muller ® gives the heat of formation of lithium hydrocarbonate as 
2Li0H aq +2C02a<i=2LiHG03 a q +22 * 1 Cals. The heat of formation of sodium hydro- 
carbonate from its elements is given by J. Thomsen as 229 3 Cals. ; by M Berthelot 
as 227 0 Cals. ; and by R de Forcrand, 228*38 Cals , for potassium hydrocaibonafce 
M. Berthebt gives 230*4 and 233 3 Cals , and R de Forcrand, 231*63 Cals. 
R. de Forcrand gives for rubidium hydrocarbonate, 231*92 Cals ; and for ceesmm 
hydrocarbonate, 232 93 Cals M Berthelot also gives for the beat of neutraliza- 

Cak ’ at 15 ° . 2K0H aa +2C02aq 
Cals. ; and E2C0 3aa +C0 2a ( l =2KHC0 2aa -f’l 8 Cals. For 
the neat 01 solution of potassium hydrocarbonate, M. Berthelot gives —5 3 Cals. 
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For the heat of dissociation, Q, of sodium hydrogen carbonate calculated from the 
vap prea3 , R M Caven and H. «T S Sand give 30 7 Cals , and from R. de For- 
crand’s thermochemioal data, 29 7 Cals In the former calculation, log — 5yT, 
and Q= log e 10=2*30, and 22=2 cals The values of a and b are indicated previously. 
In the second calculation lor sodium hydrocarbonato, the values [NaHC0 8 ]=228*38 
Cals , [Na 2 C0 3 ]==271 97 Cals , {H 2 O}=58 06 Cals., and {C02}=97 Cals are 
substituted m 2 [NaHC 03 j=[Na 2 C 0 g]-|-| H 2 0 } +{ C0 2 } —Q Similarly for potassium 
hydrocarbonate, the corresponding values are respectively 31’46 Cals and 32 83 
Cals , for rubidium hydro carbonate respectively 39 56 Cals, and 33*8 Cals ; and 
for ceesium hydrocarbonate respectively 59 96 Cals and 36 26 Cals The discrepancy 
in the results of the calculations by the two methods is probably in part due to 
wrong values for the observed heats of formation of the compounds in question 
from the elements. 

The solubility of sodium hydrocarbonato in water was measured by T Bergmann, 
V. Rose, 7 J Anthon, and A. B Poggiale, The last-named worked between 0° 
and 70°, and H C Dibbits has shown that sodium hydrocuibonate cannot exist 
at 70° under the conditions of A B. Poggiale’s expeiiments, H C Dibbits 5 numbers 
about 20° agroe with those of A B. Poggiale, but below that temp H C Dibbits 5 
numbers are the smaller, and above that temp the higher. H C. Dibbits alone 
took special precautions against losses of carbon dioxide, for, as previously indi- 
cated, the soln are stable only in the presence of an excess of caibon dioxide. 
J Anthon, A B. Poggiale, and H. 0. Dibbits have also measured the solubility of 
potassium hydrocarbonato under similar conditions The last named gives for 100 
parts of water : 

0° 6° 10° 20° 26° 30° 40° 60° 00° 

NaHCOs . , 6 90 7-46 8 16 9 60 10 36 11 10 12 7 14 45 16 40 

KE£C0 3 • . 22*06 26 0 27 7 33 2 36*1 30 0 46 3 49 9 GOO 

F. Stolba says a sat soln. of sodium hydrocarbonate at 16° has a sp gr 1 06904 
According to J. Anthon, 100 parts of water at 11 25° dissolve 8'27 parts of sodium 
hydrocarbonate, forming a soln of sp gr. 1 0613 , and likewise potassium hydro- 
carbonate at 11*2° dissolves 2G'l parts of the salt, and the soln has a sp. gr 1 1536 
R. Engel found a sat. soln. of potassium hydrocarbonate at 0° has 23 grms. of salt 
per 100 grms. of water, and the sp, gr. is 1 127. F Fouque found a soln. of 
1*15 grms. of potassium hydrocarbonato in 100 grms. of water had asp gr 10074(6°), 
and 1 0062 (19°), and a soln. of 3 54 grms per 100 grms of water, 1 0233 (0)° and 
1 0216 (19°) ; F. Kohlrausch gives for soln. of 5 2G and 11*1 grms. of the same salt 
per 100 grms of water at 15°, 1 *0328 and 10674L respectively. W. H Balmain 
found the solubility of Rodiurn hydrocarbonate m water at 15° to be lowered by the 
presence of sodium chloride or sulphate ; and the oflect of sodium chloride or 
ammonium hydrocarbonato on the solubility of Bodiuin hydrocarbonate in soln sat. 


Tablu LIJI— -EmflOT or Sodium Ciuokidu and Ammonium Hydro oakhonatjh on tiie 
Houuiuuity ojt Sodium Hydrooaiuionatk 


Ammonium hyilruwuboimlo 


Sodium chloiide. 


0° 

15 

a 

30* 

0° j 

15° 

30° 

45° 

fra 4 ncoJ 

i 

NaHC0 8 

Nn/nco 3 

NaTICoJ 

1 

Nn,iioo a 

NaHOoJ 

NaCl 

Nan00 3 

NaCI 1 

1 

WlCOg 

NaCl 

NaHC) 3 

NaOl 

NaJICOa 

0 

0 82 

0 



1*05 

0 

■ 

■ 

J 06 

0 

131 


1 85 

139 

0 58 

2 J6 


2*91 

0 83 

G'0 

Ea 



0 12 

0 17 

6*18 

0*23 


with carbon dioxide has been measured by K. Reich, G Bodlander and P. Breull, 
and by P, P FcdotioU Expressing the results m mols of salt per 1000 grms. of 
water, R, Engel showed that the solubility of potassium hydrocarbonate m soln. 
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of normal potassium carbonate at 0° is lowered almost to zero with 81 -4 per cent, 
of the normal carbonate. The addition of potassium hydrocarbonate to a sat! 
so In of the sodium salt precipitates some of the latter. J Anthon reported 100 
parts of water between 10° and 11 2° when sat with potassium hydrocarbonate 
contains 26 1 grms. of the salt, and it can then take up 6 0 grata, of sodium hydro- 
carbonate similarly, if sat with the sodium salt it contains 8 7 grms. NaHC0 3l 
and can th ; en dissolve 19 3 grms. of potassium hydrocarbonate There is nothing 
here to show that the soln. were m equihbnum with the solid phases. Alcohol 
lowers the solubility of sodium hydrocarbonate According to E. Stolba, 100 grms. 
of alcohol of sp. gr 0 941 dissolve 1*2 grms of the salt at 15 5° ; potassium hydro- 
carbonate is very sparingly soluble in alcohol C L. Berthollet says that 100 parts 
of hot alcohol dissolve 0 88 part of the salt. A. Yogel found 100 grms. of glycerol 
at 15 5° dissolve 8 grms of sodium hydrocarbonate. 

P. A Favre and F Roche found that on electrolyzing soln of sodium hydro- 
carbonate, a mixture of oxygen and carbon dioxide was formed at the anode. 
F. Kohlrausch haB measured the Bp conductivity of soln. of potassium hydro- 
carbonate at 18°. F. P. Treadwell and M Reuter measured the mol conductivity, 
of soln. of a mol. m 256, 512, 1024, and 2048 litres of water at 18°, and found 
that jj, is respectively 90 3, 92*1, 93*7, and 96*0. F. Kohlrausch 8 also measured 
the temp. coefF. of the conductivity. J Kendall measured the eq. conductivity oi 
soln. of sodium hydrocarbonate. G. Bodlander and P. Breull found the electro- 
motive force of the cell Pt|H 2 , C0 2 , HC1, NaCl|NaCl, NaH00 3 , C0 2} H 2 Pt at 
20° with sat. soln ; 0 12V-HC1 and the press of the carbon dioxide 0*5 atm The 
potential difference was 0 3985 volt. From the thermal value of the reaction: 
Ne 01+C0 2 +H 2 0=NaHC0 3 +Hd, the free energy of the reaction between hydro- 
chloric acid and the hydrocarbonate is 8 7 and 9*1 cals It is also shown that in 
ordeT to form enough sodium hydrocarbonate to form a sat. soln it would be 
necessary to pass carbon dioxide at the unattainable press of 3 3 X 10 6 atm. into 
the soln. of sodium chloride. G* Meslin says sodium and potassium hydrocarbonate 
are diamagnetic. 


The stability of dry and moist hydrocarbonates in air and of the aq. soln has 
been previously discussed. Similar 'remarks apply to the action of heat on the 
salts. Y. Rose reported, in 1801, that sodium hydrocarbonate has an alkal ine 
taste ; it does not change the colour of turmeric or litmus, but it turns logwood 
and red litmus blue; and colours syrup of violets green. If quite free from 
the carbonate, it is neutral to phenolphthalein at 0°; but F, W. Kuster and 
F. P. Treadwell and M Reuter found the soln. reddens phenolphthalein red at 
ordinary temp. The coloration with phenolphthalein will be very faint at 15° 
if the normal carbonate be absent. L. Oailletet ® prepared a compound of liquid 
carbon dioxide and potassium carbonate whioh has been regarded as bicarbonate 
de potassium anhy&re, K2C2O5 P. Kasanezky found that hydrogen peroxide 
drives carbon dioxide from sodium or potassium hydrocarbonate and then reacts 
with the resulting carbonate forming a percarbonate A double salt of sodium 
carbonate and hydrocarbonate occurs in Venezuela as woo, and m Egypt as trona. 
Analyses 3 ® of the Egyptian trona have been given by T, Remy, O Popp, V. 8. 
Bryant, M. H. Klaproth, J Joffre, and A Laugier • of Indian trona, by W Wallace, 
D. Hooper, and W. H. Bradley and R Reynolds , of Australian, by R Daintree j 
of Venezuelan, by M. de Rivero and J. B. J. D Boussingault ; and of North 
American, by J D Weeks, and T. M. Chatard. The analyses of the natural deposits 
show that the salt is a mixture or compound of sodium carbonate and hydrocarbonate. 


h > °* p0 PP’ and J w Dobereiner favour Na 2 C0 8 2NaHG0 3 .3H 2 0, or 
2 Na fi 0.3C0 2 .4H 2 0 C. F Rammelsberg’s formula— 2Na 2 C0 3 .H 2 C0o.2~4H«0 5 that 
is, Na 2 C0 3 2NaHCO s .2-4H 2 0— calculated from L. Pfeiffer’s analyses of Indian 


trona, is m agreement with thia conclusion. On the other hand, A. Laurent 
calculated the formula Ka 2 CO s NaH00 3 5H 2 0, or 3Fa a O 4C0..5H.0, from M de 
Rivero and J. B. J D Boussmgault’s analyses of Venezuelan urao - ; R. Her mann, 
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R Phillips, H Rose, and J. W Doberemer believed that they had prepared the 
compound Na 2 C0 3 2NaHC0 3 , that is, 2Na 2 0 3C0 2 H 2 0 — which was called sodium 
sesquicarbonate — by ciystalhzation during the cooling of a boiling aq soln. of 
the hydrocarbonate , by evaporating a soln of the hydrocarbonate in vacuo , 
by crystallization from a hot soln of the component salts ; or by melting together 
eq proportions of the two salts, and exposing the product in a cellar for some 
weeks C Winkler poured 1920 parts of alcohol on top of a soln. made by dis- 
solving 100 parts of the normal carbonate and 152 parts of the hydrocarbonate 
m 1920 parts of water Acicular crystals of the alleged sesquicarbonate appeared 
in a few days at the surface of separation of the two liquids. Crystals of the normal 
carbonate with a crust of hydro carbonate were formed at the bottom of the soln. 
These crystals wore studied by A. B Poggiale, and R. Schindler 

Later investigations by E. de Mond4sir, V. von Zepharovich, T. M Chatard, 
M Soury, H Lesccour, and J. Habermann and A Kurtenacker favour the view 
that A Laurent’s formula, Na 2 C0 3 NaHC0 3 2H s 0 a represents the composition of 
the double salt. Crystals of this salt were made by P. de Mondesir by the following 
process : 

Gradually add an intimate mixture ot 8 parts of sodium hydroearbonate and 28 parts 
of the deoahydratod carbonate to a noaily boiling soln. containing 28 paita oach of sodium 
chloride and decahy dialed 
sodium carbonate in 100 parts 
of water making good tho 
evaporation losses by more 
water When all is dissolved 
the liquid is cooled slowly not 
lower than 20° Tho double 
a git separates m fine noodles 
wbioh arc soparatod from tho 
mother liquor by decantation 
and suction. When washed 
with water, the crystals de- 
compose, tho normal car- 
bonate passos into soln 
leaving behind most of the 
hydroearbonate P. do Mon- 
d6sir adds that the salt is very 
stablo m sat. soln. of Bodium 
chloride, probably because it 
is only slightly soluble even 
when heated, and ©von on 
boiling it losos its aoid with 
excessive slowness. Never- 
theless, a oortain excess of 
the normal carbonate is necessary tor its preservation T. M Chatard employed a 
somewhat similar process* 

J. J. Watts and W. A. Richards patented tho preparation of tlus salt by removing 
the proper quantity of carbon dioxide from sodium hydroearbonate by adding 
sodium hydroxide, sodium carbonate, or tho hydroxides of the alkaline earths, and 
crystallizing the soln at about 35° ; 0. Winkler obtained it from carbonated liquor 
of the ammonia-soda process , and T. M Chatard by the spontaneous evaporation 
of soln. of normal sodium carbonate which had been exposed to the arc some time 
and thereby absorbed carbon dioxide There is a fairly general agreement that a 
temp, below .35° is not favourable to the formation of trona , and that the crystals 
develop better in sodium chloride soln. , and excess of the normal carbonate also 
favours the formation of trona. J. J. Watts and W A. Richards say that if an 
excess of the hydroearbonate bo used, it crystallizes out unchanged. T. M. ChataTd 
studied the influence of tho composition of the soln. on the formation of trona, and 
obtained the results indicated in Table LIV with soln. containing a mol. of the 
normal carbonate H N McCoy and 0. D. Test have studied the conditions under 
which the sesquicarbonate is formed, and their results arc summarized in Eig. 73. 



Per cent T of /fa tn solution, present; ds hydroc&rJbonaMc 

Eicu 73. — Conditions of Equilibrium of Sodium Sesqui- 
earbonatn 
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The point A represents the solubility of sodium hydrocarbonate m water, the ourve 
ABy the solubility curve of soln containing increasing proportions of the normal 
carbonate m equilibrium with the hydrocarbonato as solid phase , at B , 12 9 per 
cent of the sodium m the soln is in the form of hydrocarbonate, and 87 1 per cent 
in the form of sesqui carbonate The curve BG represents the solubility with needle- 
lihe crystals of the sesquicarbonate, Na 2 C0 3 NaHCOg 2H a O, as solid phase , and 
GDy with Na 2 C0g 10H 2 0 as solid phase The points B and O represent four-phase 
systems M.~P Appleby and K W Lane did not find the trona region at 18°. 


Table LIV. 


Uni,* NitTCOj, 

Product — T -*ti ona 

■ 

0125 

0 25 

05 

1 0 

(0 5. 

NaCl 10. 

Is 0 . 

T+Na,C0 3 H a O 

T 

T-fNa 2 COj HjO 
T-hNaHCO s 

T 

STaHCOa 

NaHCO* 

NaHCO. 

NnHCO., 


P de Mondesir showed that the product is the same as J B J, D Boussmgaulfc’B 
urao, and he calls it catbonate quatretiers^ or four-thirds carbonate, from the ratio 
Na 2 0 * C0 2 =3 4, or 1 : ^ Hence, it can be called sodium trMa-tnta-carbonate , or 

letntarca>bonatp ; it is also sodium monohydro-dicarbonate* Na 2 C0 3 NaHCOg 2H 2 0 
M. Soury could find no evidence of any other in his measurements of the vap press, 

of soln of these two Balts Y von 
Zepharovich and M. T Chataxd 
adopt the view that all native 
trona or urao deposits which have 
a different composition from the 
tetratnta-carbonate are mixtures 
of this carbonate with other 
sodium carbonates The ideal 
trona or urao corresponds with the formula of A Lauren * This conclusion is 
supported by B. Reimtzer’s, and W Wallace’s analyses as well as others previously 
mentioned 




Fig. 74 — Crystals of Sodium Ditaydrabod Mono- 
hydro-dicaibonate, Na^UOj NaHCO a 2H*0 


The crystals of dihydratedsodiummonohydro-dicarbonatc, Na 2 COg NaHC0 3 ,2H 2 0 
— ideal trona or urao — are in the form of monoclmic prisma, Fig 74. According 
to E F Ayres, the axial ratios are a b c—2 84?fi *1:2 9494 and £=103° 29' in 
agreement with the measurements of V von Zepharovich W. Haidinger’s value 
for the sp gr. is 2 112 , B Reinitzer’s, 2 14 , and T. M Chatard’s, 2 1473 (21 7°) 
W. Haidinger gives the hardness between 2*5 and 2 75 , and M de Rivero and 
J B J D Boussingault under 3. W Haidinger says the compound is less soluble 
in water than sodium carbonate. Solubility determinations have been made by 
A. B Poggiale, who found for 100 grms of water : 


0° 20 Q 30° 40° 00* 80° 1U0° 

Gram-eq Na . . 0*187 0 286 0*330 0 374 0*464 0 669 0 660 


It is a little uncertain what is the solid phase m equilibrium with the soln at the 
lower temp As was shown by P. de Mondesir, H Rose, and R Schindler, trona 
ib decomposed by reorystallization from water, by evaporating the soln., or by 
washing with water W Haidinger found the crystals do not effloresce in air, nor 
* 'when confined over quicklime H Lescceux also observed no dissociation of the 
salt at ordinary temp , but E, F. Ayres says the crystals lose their lustre when 
exposed to air 

C. L Berthollet, and J. J. Berzelius 11 found that when an aq. soln of potassium 
hydrocarbonate is boiled, and then cooled, crystals of potassium sesquicarbonate 
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are formed ; and that a similar result is obtained by cooling a soln of equi-moleoular 
proportions of potassium carbonate and hydrocarbonate in hot water. The crystals 
are said to be deliquescent in air and insoluble in alcohol , but A. B. Poggiale has 
measured the solubility of the salt in water L. Gmelin says that H Rose’s experi- 
ments on the action of hot water on potassium hydrocarbonate render the existence 
of this salt doubtful C. F. Rammelsberg obtained some mono clinic prismatic 
crystals of a salt which corresponded with KL 2 C0 3 2KHC0 3 3H 2 0 from a mineral 
waterworks, and which were obtamed by evaporating a large quantity of hydro- 
carbonate The axial ratios were a : b . c=2 6635 : 1 : 1 2952, and j8=104° 55' 
F A Fluckiger found that white needle shaped crystals with the composition 
K2CO3.2KHCO3 5H 2 0 wore formed as an efflorescent incrustation on an earthenwaro 
vessel which had been used as a receptacle for potash, and which had been washed 
out and exposed to the sun Attempts to prepare the salt artificially were not 
successful There is room lor doubting the existence of these salts aB chemical 
mdividuals until the systems have been explored by the aid of the phase rule , 
M. P. Appleby and EL W. Lane found clear evidence of EL a C0 3 2KHC0 3 3H 2 0 on 
the solubility curve, but they did not prepare it synthetically It is stable only in 
contact with a very limited range of soln approximating 825 8 grins K 2 C0 3 and 
33 1 grnos ELIICO3 per litre A. Bauer has reported the formation of this double 
salt, 
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§ S3. The Ammonium Carbonates 

H. Kopp i said that he was unable to find any references to ammonium carbonate 
earlier than Gteber’s Testamentum, where it is possible that this salt was m question 
when it was said that the incineration ex omnibus rebus etiam ex animahbus, piscibus, 
et volatihbus, potest fieri sal . The first definite allusion to ammonium carbonate 
occurs in a work attributed, probably wrongly, to Raymund Lully — namely, the 
Experimental, supposed by the scholars to have been written m 1330, whereas 
Raymund Lully died 1315. Here it was said that the urine of boys between eight 
and twelve years of age shonld be allowed to putrefy, and then distilled. The 
distillation should be repeated many times on the first fractions of each distillate. 
Finally, a salt was said to be obtained which is very volatile — it was called mermrws 
anvmalis or spiritus ammahs This same sal volatile was mentioned by many of the 
succeeding alchemists — e g J von Roquetaillade refers to its formation by heating 
ammal matters in a closed vessel I. Hollandus called it spiritus urines; Basil 
Valentine oalled it spiritus saMs urmce ; A Sala noted that the spirit of urine can 
sat. (neutralize) the acids ; J. B. van Helmont called it spiritus sains lotn or spiritus 
sahs cruons ; J. R, Glauber called it spiritus urmce and spvritus volatihs satis 
armomaoi ; 0 Tachen prepared it in a purified condition by dist illing sal ammoniac 
and calcium carbonate ; R. Boyle, and also J, Mayow, prepared it from blood 
and from urine. 

In the seventeenth century it was supposed that the products derived from 
different sources were different , and all kinds of extravagant recipes were given 
One directed that “ 5 Jbs. of the skulls of persons who had been hanged should be 
distilled with 2 lbs. of dried vipers, hartshorns, and ivory.” It was extolled as 
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u a cure for epilepsy ” and for “ suppressing the vapoms that arise from stomach 
and spleen ” The so-called English drops m the pharmacopoeia of the seventeenth 
century were nothing more than sal volatile mixed with an ethereal oil, and sold at 
high prices because it was said to have been prepared by the destructive distillation 
of silk. E Dossie maintained, m 1758, that the volatile alkali obtained from 
different sources had the same efficacy. When the alkaline character of spiritus 
urines , indicated by A. Sala, had been established, the product was called edeah 
volatile sails ammoniaci , and this was further abbreviated to ammomacum , and 
finally to ammonium The commercial carbonate of ammonia is the so-called 
sal volatile , spvnt of hartshorn, or sal volatile cornu cerm , and it is a mixture of several 
ammonium carbonates. 

G. Clemm and E Erlenmeyer reported finding 0 ’03878 gim of ammonium 
carbonate, and 0*682 grift of carbon dioxide per 1000 litres of the air of stables. 
P. Sohirlitz 2 also found ammonium carbonate m sea- water A. Ladureau noted 
the formation of ammonium carbonate from the fermentation of the urea contained 
in urine Ammonium acid carbonate or hydrocarbonate occurs as a mineral 
teschemacfiente named after E. T Teschemacher, who found it on the guano deposits 
of the islands off Patagonia ; T. L. Phipson and W Wiolce reported it in the guano 
from the Chmcha Islands ; 0 Wurster and A. Schmidt reported its presence in 
urine. Sevoral observers — A. Schrottex, F. Budorff, A Vogol, P. Seidler, 
0. F Wolfram, etc. — have discussed its presence m the purifying plant, mains, and 
gas-liquor associated with the manufacture of coal gas 

J. Black’s investigation 8 of 1756 is the first contribution to the chemistry of 
the carbonates of ammonia, and he pointed out the chemical difference between the 
aqua ammonia and the solid carbonate of commerce. J Priestley also, in 1774, dwelt 
on the same subject. T. Bergmann analysed the commercial carbonate in 1774 ; 
H. Davy emphasised the variable nature of the compounds of carbon dioxide and 
ammonia m 1799 ; while 0 L Berthollet (1806) and J Dalton (1819) demonstrated 
that there are several different carbonates of ammonia. In his paper On the com- 
binations of carbonic anhydride with ammonia and water (1870), E. Divers showed 
that there are at least three well-defined ammonium carbonates — the normal 
carbonate, the hydrocarbonate, and the sesquicarbonate. On the other hand, in 
his paper Ueber die V&rbmdungm des AmmomaTcs mil der Kohlensdure (1839), 
H. Eose claimed to have shown that an indefinitely large number of these compounds 
can be prepared, and he described twelve of them He said : 

Carbonic acid and ammonia can unite in the most varied proportions The number 
of these combinations is mdood surprising. T have prepared several of them . and it 
would have been easy for mo to have increased their number . . . but I have contented 
myself with indicating the possibility of their existence since their preparation and examina- 
tion would occasion more trouble than the subjeot merited . . . The reason for the great 
number of these combinations arises less from the weak affinity whioh carbonic acid has for 
ammonia, than from iho circumstances that the various combinations have a great tendency 
to form double salts with one another I regard the several salts which carbonic acid forms 
with ammonia as double salts combined in different proportions. 

It is now thought that most of H. Bose’s carbonates were really mixtures, and 
that E Divers* list includes those whose mdividuahty has been satisfactorily estab- 
lished The* ammonium normal and hydrocarbonates are usually regarded 
respectively as the secondary and primary salts of dibasic carbonic acid : 

EO> C =° ^>°=° N?$>°=° 

Metao&rbonic acid Ammonium hydrooarbonate Ammonium normal carbonate 

the sesqui-oarbonate is considered to be a double salt of these two carbonates, 
namely, 2 (NH 4 j )HC 03 .(NH 4 ) 2 C 0 s . If carbonic acid be tetrabasic, then these com- 
pounds will be meta-carbonates. It will be observed that with the exception of 
the hydrocarbonate, these salts have not been obtained anhydrous, they are always 
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hydrated— (NHJaCOa H 2 0, and 2(NH 4 )HC0 8 (NH 4 ) 2 C0 s H s O. E. Divers believes 
that they are salts of a tetrabasie acid : 


hct^oh 

Oithocarbomc acid, 
H 4 C0 4 


NH^.Ov « >OH 
NH 4 CK^0H 

Sccondaiy ammonimn oithocnrtoonate, 
(NE 4 ) a H a C0 a , i 6 (NH 4 ) a C0 3 H a O 


NH 4 0. r .0NF 4 
NH 4 0^ u ^0NH l 

formal ammonium oitliocarbouatA 

(ra 4 ) 4 co 4 1 


This would make the sesqui-carbonate 2(NH 4 )HC0 3 (NEygHgOO* E Divers 
says that evidence of the probable existence of a normal ammonium orthocarbonate 
is not altogether wanting m that J Davy, by treating the commercial carbonate 
with aq. adcohol, obtained undissolved hydrocarbonate and a soln of ammonia 
and carbon dioxide eq to ammonium hydroxide and the normal metacaibonate 
Similarly, when aq alcohol acts on an aq soln of the commercial or normal car- 
bonate, the hydrocarbonate is precipitated, and there remains a soln which is 
more alkaline than that of the normal metacarbonate Further, when potassium 
carbonate is distilled with its eq or more than its eq of ammonium chloride and 
aq alcohol, the first portion of the distillate is a soln of the normal metacarbonate, 
or one eq to it, and it separates into a more basic soln and crystals of the sesqui- 
and hydro-carbonates When water is repeatedly treated with fiesh quantities 
of the commercial carbonate, and one or two crops of crystals of sesqui-meta- 
carbonate have been obtained, the mother liquor contains a little more than two 
eq of ammonia to one of carbon dioxide Hence, added E Divers, it seems 
Less probable to assume that a soln of the normal metacarbonate separates 
into the sesqm- or hydro -carbonate and ammonium hydroxide than into one of 
these salts and the normal orthooarbonate • 4C0(0NH 4 )2Ho0=2(NH40)oG(0H)n 
+(NH 4 ) 4 H 2 (G0 s )s+2H 2 0 

The preparation of normal ammonium carbonate, (NH 4 ) 2 C0 8 — Before 
J. J Berzelius had published his ammonium theory, the compound formed by the 
union of ammonia and carbon dioxide was thought to represent the normal carbonate 
It was then recognized that this is not the required ammonium carbonate, 
(NH4) 2 G0 3 , but is another compound altogether, mz. C0 3 (NH 3 ) 2 , to which the term 
ammonium carbonate was applied In 1789, however, A F de Fourcroy and 
C F. Bucholz 4 prepared the crystalline double salt of magnesium carbonate with 
normal ammonium carbonate, (NH^COg MgOOg 4H 2 0 As a result of his attempt 
to make the normal carbonate, H Bose wrote : “ The neutral anhydrous ammonmm 
carbonate cannot be obtamed with the amount of water necessary to convert 
the ammonia into oxide of ammonium . (NH 3 )2H 2 000 2 , % e (NH 4 ) 2 G0 3 ” 

H St. C Deville also succeeded m preparing only the two crystalline carbonates — 
wz, the sesquicarbonate and the acid carbonate. 

In 1806, C. L. Berthollet probably obtamed a weak soln. of normal a mm onium 
carbonate, (NH^COg, by disti l lin g a soln of the acid carbonate, but, in 1813, 
J Dalton first described a solid carbonate neutral m composition containing two 
mole, of ammonia to one of carbon dioxide. It also contained a mol of water, 
% e , C0 2 H 2 0(NH 3 )g. J. Dalton prepared the normal carbonate in two ways : (1) By 
distilling the commercial carbonate and collecting the first product of the distilla- 
tion before it had been exposed to the air , (2) By adding sufficient ammonia to 
a warm sat soln of the commercial carbonate, to raise the proportion to such a 
degree that when cooled, the normal carbonate was preoipitated ; and (3) by 
leaching the commercial carbonate with an insufficient amount of water to dissolve 
the whole, a soln is obtamed containing a greater proportion of ammonia than is 
present m the commercial salt This observation was later on (1838) confirmed by 
B. Scanlan The fractional soln of the normal carbonate is deter min ed by its 
greater solubility. H. Davy (1799) had previously prepared what he regarded 
as the most ammonia cal carbonate by the first of those methods, but gave no 
analyses, and J Davy repeated his brother’s experiments and found the product 
to be a hydrated compound containing two eq of ammonia to one of carbon dioxide* 
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Meanwhile, T Thomson stated that the normal carbonate could be made by mixing 
carbon dioxide with twice its volume of ammonia and an equal volume of water 
vapour Although J Davy confirmed this statement, it is very doubtful whether 
the product of this reaction is a single substance, but it is more likely to be a mixture. 
L Hunefeld prepared a neutral combination of ammonia and carbon dioxide by 
dis tilling the commercial carbonate with aq alcohol, but he did not determine 
the degree of hydration. H. Rose also prepared the more volatile portion of the 
first product of the slow distillation of the commercial cmbonate, and found it 
to contain two eq of ammonia to one of caibon dioxide, and there was associated 
with it half an eq of water, making (COataHaOfNHgJt, so that it is doubtful if this 
can be regarded as a true ammonium carbonate H Rose also obtained the same 
compound by distilling a mixture of ammonium chloride and sodium carbonate. 
In 1870, E DiverB pointed out that all the methods available for the preparation 
of normal ammo mum carbonate depend for their success on the hydration of the 
carbamate, the combmation of ammonia and water with the acid or half-acid 
carbonate, or on both those actions Nearly all the methods of preparation depend 
upon the low solubility of ammonium carbonate m aq ammonia, or in alcoholio 
soln. 

(1) The pulverized commercial carbonate is digested in a closed flask with cone, aq 
ammonia below 12°, m about 2 hrs. a mealy crystallized mass of crystals will remain. Those 
are dried by piosa between folds of filter papor Care is to bo taken to expose the product 
as little as possible to tho free action of atm air (2) In another process, any one of the 
ammonium oarbonates ih digested in a closed flask with four times its weight of oonc aqua 
ammonia botwoon 20° and 25°, until it is dissolved About 2 days are usually required. The 
soln is left in a oool placo with tho vos&cl not completely olosod so that some ammonia 
can escape Small interlacing standard pusmatic crystals appear If too little ammonia 
be used, crystals of what are piobably ammonium carbonate aro formed, while if too much 
ammonia bo present tho crystals separate slowly and with difficulty The crystals are 
separated and diiod as before This process is more managoable than the first process. 
(3) If ammonia gas be passed into a cono. soln of the commercial carbonate, orystals of 
ammonium carbonate may separate while the gases are passing if the soln be kept cool, 
or afterwards if tho soln. bo kept in a closed vossol m a oool place. (4) One of the boat 
modos of preparation is to dissolve tho commercial caibonate in a warm cbl soln of ammonia 
in a closed or nearly closod vessel. On cooling the Boln , crystals of tho normal carbonate 
ore formed — tho crystals aro small it a largo proportion of freo ammonia be present ; and 
if too little ammonia bo present, the half -acid caibonate is formed (5) Normal ammonium 
carbonate slowly crystallizes from a soln of commercial carbonate m aq ammonia to which 
dil, alcohol has boon added in quantity just insufficient for precipitation. The size of the 
crygjals is smaller in proportion as the quantity of free ammonia predominates If an 
excess of alcohol is added, tho wliolo may form a mushy mass of crystals (6) On cooling 
a soln of ammonium carbamate in wator at 30°-3r>°, in a closod vesRel, a little normal 
ammonium carbonato crystallizes out (7) A soln. of ammonium carbamate in cone 
aq ammonia m a closod vessel at ordinary temp doposits crystals of tho normal carbonate 
when sot asido with tho vessel imperfectly closed (8) The action of carbon dioxide on 
cone aqua ammonia so as to loavo tho ammonia m oxcoss, furnishes a soln which when 
allowed to stand m a closed vossol, deposits crystals of tho normal carbonate. (9) Large 
crystals aro obtamed by dissolving the commcicial carbonato in wator at a gentlo heat in 
a closed or nearly closod vossol, and allowing the soln. to oool and crystallize The mother 
liquor is docantod on to a fresh quantity of the commercial carbonate and the processes 
of dissolution, cooling, crystallization, and decantation aro repeated until tho soln., after 
depositing a compact crop oi thm plates, furnishes the half -acid- or sesqm- carbon ate. 
The mother liquor remaining after standing one or two days will deposit large prismatic 
crystals of the normal carbonato on standing in a olosod vessel m a cool place Instead 
of waiting far tho soln to crystallizo, it can be treated with ammonia water when minute 
crystals of the required salt aro deposited, 

E. Divers also prepared a little of the normal carbonate by J Dalton’s wet method; 
and found that the distillation method also gives the normal carbonate in the form 
of long fibrous prisms which appear on the condensing surface at the beginning of 
the distillation These same orystals readily change into the acid carbonate. The 
same crystals or the remains of their decomposition ate often seen on the sides of 
bottles conta inin g freshly prepared commercial carbonato , similar crystals are 
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obtained by raising the temp, of a soln of the normal carbonate contained in a 
retort or flask with the neck closed sufficiently to prevent diffusion. The drops 
of moisture which first condense on the neck, soon form fibrous pxismatio crystals 
whose analyses agree with those of the normal carbonate These crystals are not 
a true product of the distillation prooess since, when they are forming, the carbonate 
in the retort has not reached the temp required for the vaporization J E Marsh 
and R. de J E Struthers prepared this salt by heating ammonium oxalate or mercuric 
cyanide with water in a sealed tube. HgCy s +4H20=Hg4-C0 H-(NH 4 ) 2 CO R ; M Lonn, 
by heating the ammonium tartrate to 400°, other products were simultaneously 
formed ; R. Phillips, by distilling a mixture of ammonium chloride, potassium 
carbonate, and alcohol ; and O Angelucoi, by the action of acetylene on nitric 
oxide at a high temp The same salt can be obtained by distilling gas liquor over 
oaloium carbonate, for under these conditions, P Seidler says that with the excep- 
tion of a little ammonium sulphide virtually all the ammonia is obtained in the 
form of the normal carbonate 

The properties of normal ammonium carbonate. — Monohydrated ammonium 
carbonate forms elongated plates or flattened prisms, which smell of ammonia, and 
is presumably a product of the decomposition of the normal carbonate , the pungent 
taste also affects the tongue as a caustic The crystals were analyzed by J Dalton, 
who found the composition to be very nearly that required for (NH^COg.H^O, 
the products of all the different methods of preparation indicated by E. Divers 
have the same composition E Divers found that when exposed to air, the crystals 
become moist and opaque, lose ammonia and water, and form ammonium hydro- 
carbonate * (NH4) 2 C0 3 H 2 0~NH4HC0 s +H 2 0+NH 3 The salt thus ' becomes 

wet in a stoppered bottle The salt decomposes at 58°, forming water, ammonia, 
and carbon dioxide: (NH 4 )oC0 3 H 2 0=C0 3 +2H 2 0+2NH 3 When heated slowly 
on a water-bath m a retort with its neck dipping under mercury, between 49° and 
50°, drops of liquid collect in the neck, and these form fibrous crystals of the normal 
carbonate, (NH^COg H 2 0, as indicated above ; no mar ked change occurs until, 
between 58° and 60°, when a moist solid distillate is formed, and the contents of the 
retort gradually liquefy The proportion of NH* : C0 2 in both the residual 
liquid and the distillate is that requiied for the normal carbonate, but the distillate 
has too little water for the normal carbonate, the residue in the retort gives orystals 
of the normal carbonate When the normal carbonate is distilled slowly enough, 
E. Divers found that the products are ammonium carbamate and water, but when 
distilled faster, then the whole of the products of distillation can condense in. the 
receiver* only partial condensation occurs in such a way that the commercial 
carbonate, (GO 2 ) 2 H 2 0(NH 8 ) 8 , is formed: 2 { (NH 4 ) 2 CO s H e O } =(C0 £ ) 2 H 2 0(NH 3 ) 3 
-f3H a 0+NH s P. A. Eavre and G A VaJson a give 16 946 Oals £ot the heat of 
formation . 2NH3S01H d-C02^=(NH4) 2 C0 3B oha. ; and M. Berthelot gives for the heat 
of decomposition 1 6' 3 Cals. 

E. Divers found norma l ammonium carbonate is soluble in rather more than its 
own weight of water at 15°. and by cooling the soln in a dosed vessel, some of the 
original salt mixed with other carbonates crystallizes out agam ; the soln may 
exhibit supersaturation phenomena 100 grins, of glycerol dissolve 20 gima. of 
the normal carbonate at 15°. P. A. Eavre and C. A Valson found a 10*3 c c increase 
in volume attended the soln of an eq. of the salt m a litre of water ; and the sp gr. 
of a W-soln to he 1 0178 E Divera said the sat. soln has an oily consistency. 
J. L. M Poisemlle found the velocity of flow of a soln. 1 : 1000, at 11*2°, to be 583 8 
seo., and of a soln. 1 : 25, 602 9 seo When the corresponding value fox water is 
575 6 sec , T Graham found that in 8*08 days at 20*1°, the rates of diffusion of 
1, 2, 4, and 8 per cent soln are respectively represented by 0*4478, 0 8845, 1*7496, 
and 3 2465 grins The aq. soln., said E Divers, smells strongly of ammonia, and 
if exposed to the air, it loses ammonia freely When gradually heated, the aq. 
soln. begins to effervesce between 70° and 75°, and boils freely between 75° and 80°. 
yielding vapours which condense into a moist solid. When the soln. which has 
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been boiled is allowed to cool, it is found to be unchanged m properties, except that 
it is less cone, E Drechsel showed that in aq soln , the normal carbonate passes 
into the carbamate, and H, J H. Fenton showed that a balanced reaction is involved : 
NB4O CO 0NH4^NH 2 CO ONHi+HgO The change proceeds in accordance with 
the law of mass action. The degree of hydrolysis of the carbamate is a function of 
the cone of water, and minimum, change occurs when equimoleculaT proportions 
of water and am . Tn .omum carbamate are present ; the amount of hydrolysis is less, 
the lower the temp , so that at a low enough temp the degree of hydrolysis will 
be nil ; and, conversely, a low cone, of the water favours the formation of the 
carbamate The reaction has also been studied by K Buoh, F. E. C. Scheffer, 
and J. J. R. McLeod and H. D Haskins, who find that aq. soln of the carbamate 
decompose until a state of equilibrium is established between the carbamate carbon 
dioxide and the totcil carbon dioxide, and the carbamate ammonia and the total 
ammonia The equilibrium equations are : NH4O CO.NHg+^O^NH^gCOa ; 
and (NE^COs+^O^NB^OH+NH^HCOg. K Buch found the relations indicated 
in Table LV, between the carbamate, hydrocarbonate, and free ammonia, m mols 


Table LV. 


Total concentration 

Carbamate. 

Hydrocnxbonate. 

Total NH S in salts 

C0 a 

nh 3 

l'OOG 

2 132 

0 424: 

0 642 

1 490 

0 533 

1 066 

0 174 



0 278 

0 556 

0*070 



0 107 

0 2U 

0*016 

0 091 

0 123 


per litre, whore the cone of the ammonia is equal to that of the hydrocarbonate. 
R. Wegscheider has also attempted to find the cone, of the various mol. and ionic 
species — NH S , NH^OH, C0 2j H 2 CO s , HCKV, C0 3 ", OH', H*, with undissociated 
water and salt The solubility of certain carbonates m aq, soln of ammonium 
carbonate may be due to the formation of complex carbonate 10ns, or complex 
ammino cations, to the transformation of carbonate into hydrocarbonate 10ns, or 
to tlje solvent action of hydroxyl 10ns E. Terres and H. Weiser measured the 
partial press, of aq soln. of ammonia and carbon dioxide between 20° and 80°. 
H, Kappeler investigated the electrolysis of soln. of ammonium carbonate 

E. Divcts noted that the addition of cone, aqua ammonia or the passage of 
ammonia gas, precipitates normal ammonium carbonate unchanged from its aq. 
soln Ammonium carbonate, indeed, is but sparingly soluble in aqua ammonia at 
low temp., the amount dissolved increases as the temp, rises When crystals of 
ammonium carbonate are digested for two to three days with water sat with 
ammonia, between 20° and 25°, they dissolve “ in apparently unlimited quantity, 
and are changed into ammonium carbamate'' : (NH 4 ) 2 C0g H 2 0=2H 2 0+C0 2 (RrH 8 ) 2 
No urea is formed. The presence of ammonia therefore hinders the conversion of 
carbamate to carbonate, and favours the conversion of carbonate to carbamate ; 
similarly, a high cono of water mols favours the hydrolytic conversion of carbamate 
to carbonate. J. JR McLeod and H D Haskins found that a soln of ammonium 
oarbamate in ice-cold water depresses the f p. of water less than does the same soln, 
after standing a few minutes at room or body temp. This is accounted for by 
the conversion of carbamate (two ions) into ammonium carbonate (three ions). 

M. Traube noted that hydrogen peroxide is formed during the slow oxidation 
of copper m the presence of ammonium carbonate H J. H Fenton observed 
that when ammonium carbonate is treated with metallic sodium, cyanamide, 
<3y.NH 2 , is formed by the loss of three mols of water 2(NH^)2C0 8 +3Na 2 =6Na0H 
+3H 2 +2Cy NH 2 . H Delbriick investigated the action of potassium on the salt. 
vol. n. 3 b 
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J S Muspratt, H. Rose, and H. Bley studied the action of ammonium carbonate 
on soln of al umin ium salts ; 0. Struckmann, on the alkali silicates , A. Muller, 
and P P Fedotieff, on potassium chloride m the presence of carbon dioxide ; and 
P Kasanetzky, on hydrogen peroxide whereby a percarbonate is formed B Gerdes 
obtained platinum bases during the electrolysis of soln. of ammonium carbonate 
with platinum electrodes, and in the electrolysis of soln of the normal oarbonate, 
F Fichter and H Kapeller found that ammonium nitrate and oxygen appear at 
the anode — no nitrite nor urea, C0(NH 2 )2, was detected. E A. Werner and co- 
workers, T B. Johnson, A J Hill and B H. Bailey, A. Claus, J Waddell, F, A. Gil- 
fillan, and G Inglnlleri have studied the action of ammonium carbonate on carbon 
disulphide and obtained ammonium dithiocarbamate, NH 2 CS SNE^, at 100°-110° , 
ammonium thiocyanate, NH 4 SCy, at 120°-130° , and thiourea, CSfNHsjta a t 
160°. 

E Divers compared the aotion of ammonium carbonate and carbamate, and 
sodium carbonate on calcium chloride soln When a dil soln of ammonium 
carbonate is added to an ammomacal soln of calcium chloride, with constant 
agitation, the gelatinous precipitate first formed redissolves, and when the soln 
is allowed to stand, the precipitate gradually re-forms ; with a larger proportion 
of a mm onium carbonate, some of the precipitate first formed is permanent, and it 
is days before precipitation is so far complete that the supernatant liquor gives no 
further precipitate on boiling The presence of ammonia also retards the pre- 
cipitation of calcium carbonate m like manneT when sodium carbonate is substituted 
for ammonium carbonate. E Divers also says that normal ammonium carbonate 
appears to act on glass bottles and flasks m which the 3olid is stored for some time, 
for the transparency of the surface is destroyed ; the action was not observed with 
soln. of the salt W. Kowalewsky and M Markewicz studied the physiological 
action of ammonium carbonate , A Rossrng used the Balt in water analyses 

Ammonium sesquicarbonate, or half-acid-carbonate, (NH±) JI 2 (C0 3 )3 H a 0, 
or 2NH 4 HC0 3 (NH4) 2 C0 3 H 2 0 — H. Rose 6 first definitely prepared bids salt in 
1839, by distilling the commercial carbonate at a gentle heat m a retort with its 
mouth joined to a tube dipping under mercury, and arresting the operation as soon 
as the remaining contents of the retort had entirely liquefied. Crystals of the salt 
in question were obtained when the molten mass was allowed to crystallize E Divers 
heated to 60° in a retort the commercial carbonate ]ust covered with water , when 
all was dissolved, the soln was cooled, and a or op of crystals of the sesquicarbonate 
mixed with the hydxocarbonate was obtained L Hunefeld probably obtained 
crystals of this same salt, three years earlier than H Rose, on cooling the aq alcolol 
from which he had distilled some commercial carbonate, since the rhombic plates 
he obtained correspond with the rhombic plates of the sesquicarbonate which 
can he obtained by this very process H St C Deville m his paper * Sur la forme 
et la composition dcs carbonates ammomacaux, described the crystal) me form of this 
salt which he piepared by dissolving the commercial carbonate at 30° in cone 
aqua ammonia diluted with enough water to prevent its boiling at 30°, and setting 
aside the soln to crystallize with or without the previous addition of alcohol 
E. Divers has discussed the details required to ensure success ; and he showed 
that the same salt can be obtained by the distillation of ammonium magnesium 
carbonate The liquid distillate gives crystals of the sesquicarbonate, and the 
more remote parts of the solid m the neck of the retoTt also consist of the sesqui- 
carbonate E Divers obtained the same salt by distilling potassium carbonate 
mixed with an eq amount of ammonium chloride, along with aq, alcohol, according 
to the directions of the London Pharmacopoeia foT preparing spvntus ammonice 
aromatusus The first fraction of the distillate deposits six-sided plates of the sesqui- 
carbonate, along with a little hydro carbonate, but the distillate as a whole is a 
soln of the iformal oarbonate T J. Pelouze and E Fr6my stated that H. Rose’s 
sesqmcaj bonate can be prepared by cooling an aq soln of the commercial carbonate 
at about 0°, E. Divers flowed that this statement is erroneous since both he f 
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and H St C. Deville, obtained crystals of the hydxocarbonate under these 
conditions 

E. Divers says that ammonium sesqtucarbonate forms “ thin elongated six- 
sided plates, or, when the plates are left to grow in the mother liquor, flattened 
rectangular prisms terminated by the faces of a rhombic octahedron. 55 The 
bipyramidal crystals belong to the rhombic system, and, according to H St 0. De- 
ville's measurements, have the axial ratios a . b : c— 0 6635 : 1 : 0 4585. The solid 
has a very pungent ammomacal taste and smell, but less so than the normal 
carbonate The analyses of H Rose were represented by the formula 
(NH 3 )4(H 2 0)6(C02)3, or (NHt)4H z (C0 8 ) s .2H 2 0 This formula was adopted by 
H St. C. Deville, but E Divers showed that Deville’s analyses agree with 
(NE4) 4 H 2 (C03)3.H 2 0, as do E Divers 5 own analyses Consequently, the latter is 
the result generally accepted The sesqmcarbonate, like the normal carbonate, 
changed into the hydrocarbonate on exposure to air : H 2 0=H 2 0 

+NH3+3(NH4)HC0 8 The difficulty of preventmg this change explains the doubt 
respecting the accuracy of H Rose's analyses The apparent moisture of the 
exposed crystals is not due to the absorption of moiBture from the air, but rather 
to the decomposition of the salt which is moistened with the product of its own de- 
composition from the crystals. The crystals melt when heated and are decomposed 
— a little water and three volumes of carbon dioxide with four of ammonia are first 
formed, then some more water and carbon dioxide are given off until what is virtually 
the normal carbonate remains m the retort. When the sesquicarbonate is distilled 
faster than the products can condense m the receiver, the commercial carbonate, 
(C0 2 ) 2 H 2 0(NH 3 ) 3 , is formed : 3(NH4) 4 H 2 (C0 3 ) 2 H 2 0-4(C0 2 ) 2 H 2 0(NH 3 ) 8 +8H 2 0 
+C0 2 . At 15°, 100 parts of water dissolve rather less than 20 parts of the salt , if 
less water than this is used, the soln. becomes sat. and slowly decomposes the undis- 
solved salt, leaving behind the hydro carbonate A soln sat. at 20° evolves sufficient 
carbon dioxide to lift the stopper from the containing bottle, and when the soln is 
heated it effervesces copiously. When the sat soln is cooled, it furnishes crystals 
of the hydiocarbonato The sesquicarbonate is also decomposed by alcohol, and a 
residue of hydrocarbonate is left undissolved In summing up the properties of tho 
sesquicarbonate, E Divers says that it seems to be intermediate m its chemical 
properties, as it is in composition to the noxmal- and hydrocarbonates. Ammo- 
nium sesquicarbonate acts on glass bottles like the normal carbonate does. 

Ammonium hydrocarbonate, or ammonium acid carbonate, NJB4HCO3 —In 
1806, 0. L. Berthollot 7 gave a clear account of the properties of the crystals of 
ammonium hydrocarbonate, acid carbonate, or bicarbonate, which he prepared 
by saturating a soln of tho sesquicaxbonato with carbon dioxide. J 0. C Schrader 
also prepared the same salt in a similar manner in 1803. J. Dalton (1813) also 
prepared this salt by exposing the commercial carbonate to the arr, and he correctly 
analysed the product which ho isolated. According to E Divers, ammonium 
hydrocarhonate can be obtained: (1) by exposing the commercial carbonate, 
sesquicarbonate, normal carbonate, or carbamate to air ; (2) by heating the com- 
mercial carbonate or sesquicarbonate with insufficient water to dissolve it — the 
normal carbonate under similar conditions also gives a little hydrocarhonate 
(J. Davy, H. Rose, H. Vogler) ; (3) by treating the commercial carbonate, sesqui- 
carbonate, or normal carbonate with aq. alcohol (H Rose, H. St 0 Deville); (4) by 
cooling a sufficiently cone. aq. soln of the commercial carbonate or sesquicarbonate 
(H. Rose, H. St 0 Deville) ; (5) by adding alcohol to an aq. soln of the commercial 
carbonate, tho sesquicarbonate, or the noxmal carbonate (J Davy, N W. Eischer, 
H. St. C. Deville) , (6) by treating an aq soln of the commercial carbonate, sesqui- 
carbonate, or normal carbonate with carbon dioxide (J. Davy, P. Seidler, 0. L. Ber- 
thollet, J. 0. 0 Schrader, H. St. 0. Deville) ; and (7) by mixing together carbon 
dioxide, ammonia, and water vapour in equi-molecular proportions (T. Thomson) ; 
this process was patented by W Gossage in 1854. A like result is obtained if an 
excess of carbon dioxide is used when the hydrocarhonate is probably the product 
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of the action of carbon dioxide and water on the ammonium carbonate first formed 
The following ib E. Divers’ modification of T. Thomson’s process . 


Some acid ammonium carbonate in crystals, crushed small, and dried by exposure to 
the open air, or, better still, over sulphuric acid, is passed mto a dry retort with a sufficiently 
long neck, or with its neck prolonged by a glass tube, which is better The retort is placed 
m a water-bath, with its mouth or the open end of the tube prolonging the nook, as the 
case may be, dipping under mercuiy The water-bath is then brought to the temp of 
62°, and not allowed to pass this After a while no gas or air escapes through the 
mercury, if the heat be properly regulated , so that this fact serves, as well as the height 
of the thermometer, to indicate when the heat is getting too high If the temp be allowed 
to fall too much, the mercury rises m the tube At first, liquid drops form on the neok 
of the retort, which gradually solidify mto needle-like crystals These again lose, more 
or less, their transparency , and then the process of formation of the deposit can no longer 
be followed The hydrocarbonate forms in bulk at a distance of about 1 6 to 20 cm along 
the neck from the body of the retort The operation is a very slow one When it is arrested 
the neck of the retort is cut off and broken up, the product ohipped off from the fragments, 
and its punty ascertained by leaving it exposed for a time in dry air, when, if pure, it will 
retain the translucenoy it possesses The outermost layer and some other parts of it will 
be sure to prove impure If the hydrooarbonate is more rapidly converted mto vapour, 
the process fails When successfully earned on, if the process be arrested at any time, 
and the contents of the body of the retort examined, they will be found to be dry, unchanged 
hydrooarbonate, having only an evanescent odour of ammonia In the other case the 
contents of the retort mil be damp or wet, and much more ammomaoal 

R Scanlan obtained the hydiocarbonate by subliming the normal carbonate 
— the lower part was hydrooarbonate, the upper part carbamate P. R de 
LambiHy, and A. Neuburger passed air and water vapour over white-hot coke, 
and removed the carbon monoxide from the mixture N 2 +3H2H-2C02+2H 2 0 
=2NE^HC08. R Phillips found the hydrooarbonate is sometimes produced in 
preparing the carbonate on a commercial scale. 

In 1839, H. Rose claimed to have made ammo mum hydrooarbonate in 
three different states of hydration, namely, NH4HCO3 ; 4(NH4)HC03.H20 , and 
2(NB4)HC0 s H 2 0 Before this, J Davy prepared the salt in four different ways, and 
found the composition uniform, although H Rose’s method for dfNHjHCOg.^O 
was induded in J Davy’s senes , similar results were obtained by H St 0. Deville, 
E. Diveis also found that the crystals obtained by passmg carbon dioxide mto a 
Boln. of the commercial carbonate are identical in form and appearance with those 
obtained by pouring hot water on the commercial carbonate which, according to 
H. Rose, should give ^(NH^HCOg H 2 0 The third salt, 2(NH4)HG0 8 .H a 0, was 
prepared only once, and m small quantity E. Divers could not verify H. Rose’s 
preparation, and therefore wrote, “ I am disposed to regard the existence of such a 
salt as extremely doubtful ” Hence, the available evidence justifies the conclusion 
that only one definite ammonium hydrocarbonate has been prepared, and the 
analyses of J Dalton, H Rose, J Davy, H St. 0. Deville, and E. Divers indicate 
that its formula is (NH^HCOg 

The properties of ammonium hydrocar bonate. — Ammonium hydrooarbonate 
occurs in the form of a powder, in transparent or opalescent crystals, and in translu- 
cent crystalline masses The crystals have been measured by H. Rose, W. H. Miller, 
H St. 0. Deville, C F Rammekberg, F. Rudorff, eto. ; they belong to the rhombio 
system, and have the axial ratios a : l : 0= 0 6726 : 1 : 0*3998. H. Rose claimed to 
have onoe made monodinio crystals of ammonium hydrooarbonate, isomoxphous 
with the potassium Balt, by evaporating a soln of the normal salt in vacuo, but this 
observation has not been confirmed. In his 1852 paper, H. St. C. Deville stated 
that he believed that he had prepared orystals of the hydrooarbonate belonging to 
a different system to the ordinary salt, but in his 1854 paper he attributed little 
weight to this observation, and Btated only one hydrocarbonate exists, but since 
the crystalline form of this salt is not isomorphoufl with the corresponding potassium 
hydrooarbonate, he stated that both these Balts will prove one day to be dim orphous, 
implying that the unknown form of the one carbonate will prove to be isomorphous 
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with the known form of the other. Mixed crystals of the two salts have not yet 
been prepared 

H Schiff 8 found the sp gr of the crystalline salt is 1 573 ; and G J. Ulex 
that of the natural crystals, 1 45 , G J IJlex gives 1 5 fox the hardness 
J. L M Poiseuille gives for the speed of flow of a soln, 1 : 100 at 11 2° through 
narrow tubes as 580 6 sec when the value for water is 575 6 sec HO Dibbits 
found the vap. press of soln sat. at 15°, 30°, 40°, and 50° to be respectively 120, 
212, 356, and 563 mm M Berthelot and G AndrAs value for the heat of soln. 
of a mol of the salt in 25 litres of water is —6*85 Cals , and M. Berthelot’s value 
for 50 litres, —6 28 Cals. ; and for the heat of dilution of a soln (1U34)HC0 3 +40H 2 0, 
with addition of 60, 160, and 360 mols. more of water, J Thomsen found respectively 
—176, —288, and — 384 cals. M Berthelot and G. Andr6 found fox the heat 
of formation C02nq+NH3aq=(NH^)HC0 3 in 20 litres of soln , 9 130 Cals ; 9*5 
CalB m 25 litreB of soln. , and 9 73 Cals m 2 litres of soln The heat of forma- 
tion from itB elements is 205 3 Cals A. des Cloizeaux, and V von Lang found that 
the crystals have a negative double refraction, and that the indices of refraction 
are a=l*5227 ; j3=l*5358 ; and 7=1*5545. 

As noticed by J Dalton, ammonium hydro carbonate is very slowly dissipated 
m moist air According to J. Davy, it is decomposed by atm. moisture and rendered 
alkaline H. 0 Dibhits found that the dry solid decomposes at ordinary temp, 
into carbon dioxide, ammonia, and water, without alteration in the composition 
of the residue H Vogler found that 1*2 grins m a watch glass over sulphuric 
acid and calcium hydroxide, under a bell-jar, lost 0 9 grm in 7 days, it gradually lost 
m weight each day until in four weeks all had vanished According to M Meslens, 
the volatilization is much faster in moist than m dry air, and faster when the salt 
is moist than when dry. According to M Berthelot and G. Andre, the dry salt 
has too small a vap press, for measurement in air, ammonia, or carbon dioxide 
under a press of two-tlurds of an atm , the presence of water vapour also has little 
influence on the vap press, of the salt, but m the presence of liquid water, the 
vap, press is much greater The vap. press, of the dry salt after many days at 
18° was less than 1 mm , but in the presence of a drop of water, the vap press, was 
8 4 mm and, after 10 hrs , 61 mm. when it remained constant ; with more water, 
the vap. press, attained 67*8 mm , and. after 24 hrs , 122 3 mm. without reaching 
a oonstant value, for, after 3 days, it readied 135 mm “When two vessels, one 
containing water and the other a cono. soln. of ammonium, carbonate, are confined 
m an atm of carbon dioxide under a bolivar, for about eight days, the distribution 
of ammonia and carbon dioxide is uniform m both vessels. 

Like the normal carbonate, when the hydxooarbonate is heated in a retort, 
a little of it is decomposed into oarbon dioxide, water, and ammonia : NH4HCO3 
=H 2 0+NH 8 +C0 2 , and at 49° it yields a few drops of liquid distillate which crystal- 
lizes in needles, and the remainder undergoes no further change. These three sub- 
stances reform the hydxooarbonate and the salt remains dry. At a higher temp., the 
salt remaining in the retort becomes wet, and a moist solid no longer having the com- 
position of the hydroeaxbonate condenses in the neck of the retort, and carbon dioxide 
escapes. While the hydxocarbonato furnishes the same salt when the distillation is 
conducted slowly enough, if the salt be distilled faster than the whole of the products 
of distillation can condense in the receiver, commercial ammonium carbonate, 
(C0 2 ) 2 H 2 0(NH 3 ) 3 , is formed : 3(lUa^)HC03=(C0 2 )2H 2 0(]m 3 ) 2 +2H 2 0+C0 2 +NH s 

According to 0. L, Borthollet, 100 grins of water at 15° dissolve 12 5 grins of 
hydrocarbonate H. 0. Dibbits found the number of grams of ammonium hydro- 
carbonate m 100 grms. of sat soln. of different temp , to be : 

o° 5° 10° 16° 20* 26° so° 

Grms of salt.. . 10*6 12*1 13’7 15 6 17‘4 19 3 21*3 

P P Fedotieff has studied the effect of ammonium chloride, sodium hydrocar- 
bonate, and of sodium chloride on soln, of ammonium hydxooarbonate m connection 
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with the ammonia process for sodium carbonate — q.v. When the aq soln. of the 
hydro carbonate is exposed to air, it rapidly loses carbon, dioxide, but, as indicated 
by C. L Berthollet, this loss is soon arrested. J. Davy observed that if the soln. 
be placed m contact with the solid, even at low temp , the latter is decomposed 
with the evolution of bubbles of carbon dioxide J. Dalton concluded that a sat. 
soln of the hydro carbonate dissolves carbon dioxide to the same extent as water, 
and hence concluded that under these conditions no ammonium carbonate could 
be formed cont ainin g more carbon dioxide than the hydrocarbonate. Accor ding 
to J. Davy, however, a sat soln of the hydxooarbonate is a sat soln of oarbon 
dioxide, and hence he doubted if the hydro carbonate really exists in soln , although 
a sat soln deposits crystals of the hydro carbonate when cooled 0. L Berthollet 
found that when a soln. of the hydro carbonate is heated m a retort it effervesces owing 
to the evolution of carbon dioxide , a soln of the normal oarbonate first collects as 
distillate, and finally pure water The hydxooarbonate is but very slightly affected 
by cold or boiling cone aq alcohol After the action, the alcohol contains a little 
ammonia, and a few bubbles of carbon dioxide are probably given ofL The boiling 
alcohol slowly decomposes the hydrocarbonate into carbon dioxide, water, and 
ammonia. Dry crystals of the hydrocarbonate are not affected by ammonia gaB 
either at 0° or at ordinary temp According to E Divers, when the powdered salt 
and a cone soln. of ammonia are mixed together there is a hissing noise, the mixture 
becomes warm, but very little salt dissolves ; it is possible that ammonium carbamate, 
(NH 3 ) 2 G0 2 , along with some normal carbonate is formed : SNH^HCC^ +2NH 3 
=(NE^) 2 COs H 2 04 -C 02 (NH s ) 2 When the hydrocarbonate is digested with the 
cone aqua ammonia in a closed vessel at 20°-26°, considerable quantities of the 
carbamate are slowly formed (NH 4 )HC03+NH 3 =H 2 04-C0 2 (NH 3 )2. Probably 
in the first stage of the reaction, normal carbonate and carbamate are formed, and 
the former then changes to water and carbamate 

H Rose said that when an aq. soln. of commercial ammonium carbonate is 
evaporated over sulphuric acid under reduced press , small crystals are obtamed 
which must be immediately withdrawn from the influence of the sulphuric acid, 
otherwise they effloresce and pass into the hydrocarbonate If the ebullition of 
the soln. be not prevented during the evaporation, ciyslals of the hydrocarbonate 
are also obtained. H. Rose also obtamed the ordinary hydrocarbonate by using 
calcium chloride in place of sulphuric acid. If the ordinary commercial carbonate 
be evaporated over sulphuric acid, but not under reduced press , the whole decom- 
poses and nothing remains. The salt is very unstable and success m the prepara- 
tion of the salt depends on a careful adjustment of the cone, of the soln., and the 
speed of evaporation Analyses agree with the formula (NH 8 ) 8 (H 2 0)o(C0 2 )g, or 
(NHa) 8 (H 2 0)8(C0 2 )A.H 2 0 ; but although E Divers failed to make the salt, he thinks 
H. Rose was successful, and prefers (NH 3 ) 4 (H 2 0)9(C02)6, i e. ^NH^HCOg C0 2 5H 2 0, 
on the assumption that the salt which H Rose analysed was contaminated with 
hydrocarbonate, and m order to fit H. Rose’s hyperoarbonate with a senes of 
ammonium carbonates which he supposes can be obtamed by crystallization from 
aq. soln. — normal, sesqui-, hydro-, and perhydro-oarbonate. 
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§ 34. Carbamie Acid and the Carbamates 


In J L Gay Lussac’s 1 researches on the proportion by volume in which ammonia 
combines with carbon dioxide, it was found that the dry gases unite in the pro- 
portions by volume NH<* C0 2 =2 . 1, forming a white solid which condenses partly 
as floccnh, and partly as an incrustation on the walls of the vessel in whioh it is 
formed Heat is evolved during the reaction J Davy says that the gases combine 
in the same ratio whatever be their proportions in the mixture. In preparing 
the solid by this process, a mixture of carbon dioxide with twice its volume of 
ammonia is passed through a number of glass tubes cooled to a very low temp. 
The solid collects as a sublimate m the tubes which are afterwards cut to pieces, 
to recover the solid. R E Hughes and F Soddy found that if the two gases be 
very thoroughly dried, not the famtest sign of the formation of ammonium carbamate 
occurs after the gases have stood m contact for 24 his K Buch found that hy 
mixing dry liquid ammonia and solid carbon dioxide in vacuo, the product has 
never the exact stochiometncal composition, foT there is always a small excess of 
either absorbed a mm onia or carbon dioxide F. E 0 Scheffer found that a tube 
containing a mmo nia with a great excess of carbon dioxide showed a rapid vanishing 
of the meniscus at 31° in presence of the solid carbamate, and on the oarbon dioxide 
side there was a critical end point, and on the ammonia side, a separation at about 120°. 

The product was formerly regarded as the anhydrous normal arn.Tin.omum 
carbonate, but with the development of J J Bexzelius’ ammonium theory, it 
was recognized that the product of this reaction is an altogether different compound 
and to it the name ammonium carbamate was applied. It was found that 
this compound is a salt of the monamide of metacarbomc acid, to which the name 
carbamie acid s NH 2 CO OH, was applied. The monobasic acid has not been 
isolated in the free state, but both ethereal and inorganic salts are known ' — e q. 
urethane or ethyl carbamate, NH 2 CO OC 2 H 5 ; carbamie chloride, NH 2 CO Cl ; 
etc. Ammonium carbamate, NH 2 .CO ONH*, is related to metacarbomc and 
carbamie acids as illustrated graphically m the following scheme : 


HO 

HO 


>C=0 


Metacarbomc add 


HO 

NHj 


>C=0 


Carbamie acid. 


Zf>°=° 

Ammonium embamate 


The reactions involved m the preparation of ammonium carbamate are essentially 
either the union of carbon dioxide and ammonia, or the dehydration of ammonium 
carbonate A. Basaroff prepared ammonium carbamate by passing the mixture 
of dried ammonia and carbon dioxide gases into well-cooled absolute alcohol A 
copious crystalline precipitate is formed This is separated by filtration from the 
mass of liquid, and heated with absolute alcohol in a hermetically sealed vessel 
to 100 o ~110° when the liquid on cooling deposits the salt m laminae These are 
pressed between filter paper, and dried over potassium hydroxide A. Mente says 
the process furnishes a highly pure product, but the cost is high. When the crystals 
are powdered, they attract moisture from the air, and if the mass is then dried over 
sulphuric acid or potassium hydroxide, the composition of the product is not quite 
the same as before 

E. Divers made the salt (1) by passing a mixture of the two gases into cone, 
aqua ammonia, when the carbamate separates in crystals The details resemble 
those employed in A. Basarofi’s process, except that cone, aqua ammonia is used 
in place of alcohol. E. Divers also prepared the salt (2) by digesting m a closed 
vessel aq. ammonia sat. at a low temp, with any of the ammonium carbonates at 
20°~25° for 36-48 hrs , when the carbamate either crystallizes ont at once, or will 
do bo after adding more carbonate, repeating the digestion, and -again cooling. 
The commercial carbonate gives the best yield E Divers obtained the 
carbamate (3) by heating commercial carbonate mixed with a sufficient quantity 
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of anhydrous potassium carbonate in a retort immersed in a water-bath at 
a temp, earned slowly from 50° to 80°, and connecting the neck of the retort 
with a wide tube dipping under mercury. The neck of the retort soon becomes 
lncrusied with a translucent crystalline mass of the carbamate There is a 
slightly less yield if finely powdered anhydrous calcium chloride be substituted 
for potassium carbonate when much carbon dioxide escapes at about 48°, and the 
incrustation begins to form at about 52°, and continues to do so as the temp rises 
slowly to 65° when the process will be completed. From 1J to 3 times as much 
calcium chloride as carbonate is used, and a layer of the powdered chloride should be 
spread over the mixture The carbamate can be purified by redistil lation from 
fresh calcium chloride The carbamate can indeed be obtained by dist illin g the 
commercial carbonate very slowly, at a heat not exceedmg 60°, the more remote 
part of the incrustation is impure carbamate. E Divers found that (4) by distilling 
commercial carbonate with aq., or perhaps better, absolute alcohol, ammonium 
carbamate is formed ; and he obtained (5) a soln of the carbamate by repeatedly 
dissolving the co m mercial carbonate in the same quantity of water and ooolmg 
after each addition so as to remove the normal ammonium carbonate The soln. 
is then nearly sat with ammonia gas, and when the ammonium carbonate has been 
removed a soln of the carbamate contaminated with a little carbonate is formed. 
H Rose, and E Divers made amino mum carbamate by distilling ammonium 
chloride or sulphate with dry potassium, sodium, or calcium chloride H Rose 
prepared ammonium carbamate by sublimation from an intimate mixture of 
ammonium anndo-sulphite, NH 2 S0 8 NH^, and anhydrous sodium carbonate in 
such a way that no moisture had access to the vessel The salt is obtamed as an 
incrustation on the walls of the condensing vessel The reaction here involves 
the formation of ammonia and carbon dioxide NH 2 .S03.NH4+Na 2 C0 8 =hra ; 2S04 
+2NH 8 +C0 2j a reaction which can be compaied with that between the amido- 
sulphate and sodium hydroxide . NH 2< S03NH4+Na0H=:NaHS04+2NH3 The 
mixed gases on cooling form the carbamate T Peters obtamed this compound 
by heating ethyl aceto-acotate with water-free alcoholic ammonia to 180° in a 
tube, or by the action of ammonia gas. 

Ammonium carbamate forms transparent crystalline plates belonging possibly 
to the rhombio system ; it also occurs m amorphous white fiocculi, and in crystalline 
masses. Analyses of the dried product by H Rose, E. Divers, and A. BasarofE 
correspond closely with the requirements for C0 2 (NH3) 2 The carbamate has a 
strong ammomacal smell not equal to that of normal ammonium carbonate or 
sesquicarbonate. The taste also is less caustic than that of normal ammonium 
carbonate. When freely exposed to air, ammonium carbamate gradually deliquesces, 
and by a prolonged exposure, it is nearly all dissipated ; the residue is a kind of 
skeleton of the original fragment, and it is the hydrocarbonate : NH4O.CO NH 2 
+H £ 0=(NH4)HC03+NH 8 The deliquescence of the carbamate, said E Divers, 
“ is an interesting fact not only as affording evidence that the carbamate has only 
a slowly manifested affinity for water, but also as distinguishing between the mere 
physical attraction of a body lor water and its chemical transformation with water 
mto a new substance 99 F. W Raabe’s value for the heat of formation or dissocia- 
tion between 7° and 11°, and 7C5 mm. press, is (C0 2 ,2NHa) 39 3 Cals. , E Lecher 
gives 37’7 Cals, per mol of carbon dioxide with two of ammonia, at 17° and 
710 mm 

Unlike the carbonates, ammonium carbamate does not fuse when heated, but, 
as was observed by J. Davy, it is converted mto a gas at 60°. F, E C Scheffer 
was unable to establish a definite relation between the press and the sublimation 
temp, for ammonium carbamate since the results were very irregular and dependent 
upon a variety of circumstances — rate of rise of temp., etc. The hypothesis 
suggested hy W. D. Bancroft^ and by 0. van Rossem is that the observed results 
are produced by the superposition of two phenomena dependent on : (i) the speed 
of vaporization, and (11) the speed of dissociation J. H. van’t Hofi half filled a 



794 


INORGANIC AND THEORETICAL CHEMISTRY 


thick- walled glass tube about 10 cm long with the salt, and after removing the air, 
sealed up the tube. The tube was then heated ; the salt melted at about 140°, and 
the vapour continuously increased at the cost of liquid. The tube burst before the 
liquid had all passed to the vapour phase. He therefore failed to observe a cc critical 
point 53 analogous to the physical phenomenon of evaporation , but he did obtain 
a successful result with a mixture of hydrogen phosphide and chloride. According 
to E Bimei, the m p. under press 152° is a triple point. According to A Basaroff, 
when heated in a sealed tube between 120° and 140°, ammonium carbamate passes 
into urea : NH^O.CO NH 2 ==00(NH 2 )2+H20 When ammonium carbamate is 
converted into gas or vapour at any temp , it appears to be decomposed mto its 
components carbon dioxide and ammonia The odour of ammonia which it emits 
at ordinal y temp, is evidence of this unless it be assumed that the compound smells 
exactly like ammonia. The vapour density calculated from the mixture of two 
volumes of ammonia with one of carbon dioxide is 0*8993, and for NBLt C0 2 NH 2 , 
1*349 , A Bineau found 0 90 ; H Rose, 0 8992 ; and A Naumann, between 37° 
and 100°, 0 892 A Bineau also showed that the same result is obtained at ordinary 
temp aB at distilling temp. A Bineau also noticed that the gaseous product 
obtained by heating the salt xemams gaseous at a temp lower than that at which 
it is formed. A Naumann J s values for the vap. press , p, of the salt soln at different 
temp : 

- 15 ° - 10 ° 0 " 10 ° 20 ° 80 ° 40 ° 50 ° 60 ° 

p, mm. . • . 2 0 4 8 12 4 29 8 02 4 124 248 470 770 

The curve for the dissociation piess rises steadily with a use of temp and corre- 
sponds exactly with the vap press curves of liquids and solids. These results 
agree with the values obtamed by G Erckmann, and F Isambert , the latter also 
measured the effect of an excess of each of the products of dissociation — ammonia 
and of carbon dioxide R. Engel and A Moitessier claim to have established the 
relation that when two gaseous bodies on combining give a dissociable compound, 
the combination takes place only when the sum of the press of the components is 
greater than the press, of dissociation of the compound, whatever may be the press, 
possessed by each of the bodies Accordingly, if a dissociable body is placed in the 
presence of one of the substances produced by its dissociation, at a press, equal 
to or greater than the press, of dissociation at the temp of the experiment, or if a 
mixture m any proportion of the components is present (provided the sum of their 
press, is equal to the press of dissociation), the dissociation of the body cannot 
take place. This rule, says F Isambert, can be more neatly expressed : If the 
press, of a gas is less than the maximum press m a vacuum, the total press will 
be at this maximum, and, conversely, the value will remain the same as that of 
the free gas , and F. Isambert adds that the rule is not true. In the case of ammo- 
mum carbamate, the total press, in the presence of an exoess of one of the component 
gases is always greater than the maximum press, m vacuo , and therefore a com- 
pound may dissociate in presence of one of its products of dissociation at a press 
equal to ox greater than the dissociation press C. Matignon and M JFx6jacques 
represented A. Neumann’s dissociation press, between — 15° and 60° by log p 
=*-3-635T-i-7 045 log T + 28 692 , and log -A 821 i 1 -* -15 *4 log T+53 3686 ; 
and hence he calculated the heat of dissociation of ammonium carbonate, at constant 
press., to be —39 eals. 

A. Naumann observed that the velocity of the dissociation of the solid and the 
recombination of the vapour is increased by increasing the surface area of the solid , 
these velocities axe proportionally smaller the nearer the observed press, is to the 
equilibrium value ; and the velocity of dissociation is greater the higher the temp. 
A. Horstmann has shown that the law of mass action describes the relation between 
■die partial press, of ammonia and carbon dioxide, and that the dissociation press 
is not perceptibly influenced by the presence of an indifferent gas — e <7. an — while 
the dissociation press, m the presence of one of the products of dissociation is 
smaller than in vacuo, In general, the total press, of the gases uniting to form a 
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solid and in equilibrium with that solid is least when the gases are m the same 
proportion as they exist m the solid phase 

From the equation NH 4 O.CO NH 2 ^2NH3+C0 2 , a nd the mass and 

remembenng that the carbamate is a solid, C 1 0 2 2 =constant, when C 1 and C 2 
respectively denote the cone, of the carbon dioxide and ammonia, and the Bolid 
phase is present. By Boyle’s law, the press of a gas is proportional to its mass 
cone , so that if j) x denotes the partial press of the carbon dioxide, and q) 2 that of 
the ammonia, jp-^z 2 =K, where II is the dissociation constant E Briner found the 
value of K at 77 2° to be nearly 1*5 , and at 98 5°, K=39 5, with these data the 
heat of dissociation (assumed independent of temp ) can be readily calculated 
trom the well-known expression (d log K)/dT=—q/RT 2 . If P be the total press , 
P=Pi+ 3? 2 ; and consequently, by substitution for it follows that P=Kp 2 '" 2 + 7 , 2 > 
an expression which has a minimum value when 'p^=2K > i e when Con- 

sequently, if either of the products of dissociation be in excess of these proportions, 
the total press, will be increased in vacuo 

According to E. Divers, 100 parts of water dissolve about 66 7 grms of the salt, 
and the temp is depressed during the process of soln It dissolves without change 
as ammonium carbamate, but soon combines with water and a definite state of 
equilibrium is established between the carbamate and carbonate : NH 4 0 CO NH 2 
+H 2 0 ^(NH 4 ) 2 C 03 , as indicated by the work of H J H. Fenton, F E,0 Scheffer, 
K. Buch, B Becker, A 0. Gumming, J. Natanson, L Bourgeois, E Fichter, and 
J J R, McLeod and H D. Haskins in connection with the right member of this 
equation — q v The degree of hydration of the carbamate was found by K Buch 
to increase with the dilution : 

Carbamate . Water . . * 1 • 200 1 : 300 1 : 4.00 1 . 500 

Degree ot hydration . • 0 749 0 796 0 845 0'96G 

K Buoh measured the partial press of ammonia and carbon dioxide in mixtures 
of ammonium carbonate and carbamate, and from the lesults calculated the cone, 
of the free and bound ammonia and higher carbonate, and of the carbamate and 
carbonic acid The hydrolysis and equilibrium constants were then calculated 
The hydrolysis constants K x and ; and the equilibrium constant K Q of the 
hydrocarbonate to carbamate, wore : 

jr ^NITaPoOa . rr __ -^N UpPpOa v? NIT 3 HC(y 

l ~[NR' 4 }[lIUO z '] 9 Aa ~pjH 4 ][JSTH 2 COO'] 9 3 ~[NH 2 C00'] 

where K x = 37 to 69 ; K 2 =39—84xl0 8 ; and K$=0'i2 to 1 68 It was assumed 
that ionization was complete, but this is not strictly valid Iot the cono. soln. 
employed 

J Davy found ammonium carbamate to be soluble in alcohol of Bp gr 0*829 ; 
and A. Basaroff found that it dissolves when heated with absolute alcohol m a 
sealed tube, and it crystallizes out again when the soln oools E Divers also found 
that ammonium carbamate dissolves freely in aqua ammonia, and the system is 
cooled , 100 parts of aqua ammonia dissolve 50 parts of the salt, and the soln. 
on standing furnishes crystals of normal ammonium carbonate ; but if the freshly 
prepared soln. bo cooled to 0°, crystals of the carbamate are obtained, consequently 
ammonia retards the hydrolysis of the carbamate 

According to H. Bose, dry ohlonne attacks ammonium carbamate very slowly 
without the liberation of water ; ammonium carbamate is not perceptibly affected 
by dry hydrogen chloride m the cold ; but if warmed, it is decomposed by the 
gas without the liberation of water, forming ammonium chloride and carbon dioxide. 
Aq. acids liberate carbon dioxide, alkali-lye gives ammonia when heated with 
hydrogen sulphide, no water is produced, but ammonium sulphide, (NH 4 ) 2 S, is 
formed with sulphur dioxide; in the* cold, it is coloured pale yellow, and, when 
heated, an orange-yellow sublimate of (NH 4 )S 2 0 4 (NH 2 ) ; according to A. Mente, 
the vapour of sulphur trioxide furnishes without effervescence, carbon dioxidet 
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and ammonium, sulphate ; chlorosulphonic acid, HSO a Cl, sulphuryl chloride, 
S0 2 C1 2 , or pyroeulphuryl chloride, S 2 0 6 Cl 2a furmshes ammonium nmdosulphonate * 
and it reacts with phosphoryl chloride, P0C1 3 , at 100°, forming di-imido phosphoric 
acid According to H J H Fenton, with sodium, it furnishes cyanamide • 
NH40.C0.NH 2 +2Na=2Na0H+CyNH2+H 2 , as in the analogous case with 
urea, and with normal ammonium carbonate H. J H Fenton also found that 
it is rapidly attached by hypochlorites or hypobromites. With hypochlorites, only 
half the total nitrogen is evolved as a gas Similar results were obtained with 
chlorites and bromites If sulphur dioxide be added to the soln, treated with 
sodium hypochlorite, ammonia is formed If boiled with an excess of ammonia 
and calcium chloride, calcium carbonate is formed A Mente noted that with 
acid chlorides, if the temp be kept below the dissociation of the carbamate, the 
NH 4 -xadicle unites with chlorine to form ammo mum chloride , the NH 2 -rachcle 
takes the place of the chloime atom m the acid chloride and carbon dioxide is 
evolved ; for example * CH 3 C0 CI+NB4O.CO NH 2 =3STH 4 C1+CH 3 CO NH 2 -f C0 2 . 
The carbamate sometimes acts like ammonia gas and an innde is formed H Kolbe 
found that when heated with zme ethyl, Zn(C 2 H 6 ) 2 , ammonium carbamate gives 
no sign of propionic acid or propion-amide E Divers adds that a mixture of 
the carbamate with anhydrous calcium chloride can be distilled without any sign 
of chemical change. 

If ammonium carbamate be treated with less than its eq of calcium chloride, 
it soon gives a precipitate, and the filtered soln. gives no further piecipitation when 
heated The reaction is the same as when calcium chloride is added m excess 
An ammomacal soln of calcium chloride gives an instantaneous but slight precipi- 
tate when treated with an excess of a soln of ammonium carbamate. The pre- 
cipitate increases slowly on standing, and next day, when boiled, the supernatant 
liquor gives a copious precipitate The immediate precipitation is presumably 
due to the presence of ammonium carbonate, and the subsequent precipitation is 
due to the slow conversion of carbonate to carbamate in the presence of free ammonia 
Hence, an ammoniacal soln of calcium chloride gives an immediate precipitation 
with an excess of ammonium carbonate and a very slow precipitation with an 
excess of the carbamate. 

A very cone, ammoniacal soln oh ammonium carbamate with a sat. soln of 
calcium chloride gives a precipitate which is soluble in water and which has a 
composition indicating that it is either (C0 2 NH 2 ) 2 Ca, calcium carbamate, or 
calcium ammomocarbon&te, (NH4) 2 C0 8 .CaC0 3 . E Divers inclines to the belief 
that the precipitate is really calcium carbamate— presumably Ca(O.CO,NH 2 ) 2 — 
possibly HO.CaO CO NH 2 E. Drechsel prepared calcium carbamate as a fine 
white powder consisting of small flat prisms by crystallization from a sat. soln m 
warm aq. ammonia : (NH 2 C02) 2 Ca.|H 2 0. The aq. soln, is unstable, and it is 
decomposed by its own water of crystallization, so that when freshly prepared it 
has no smell, but it soon acquires an ammoniacal smell At 95°~100°, it is partially 
decomposed into a mixture of carbonate and carbamate . 2{(NH 2 C0 2 ) 2 Ca £H 2 0} 
=NH CO NH4-hCaC0 8 +(NH 2 00 2 ) 2 Ca , and at the softening point of glass : 
(NH 2 C0 2 ) 2 Ca=CaON 2 +2H 2 0+C0 2 ; some cyanide is also formed. Minute 
shining plates of strontium carbamate, (NH 2 .C0 2 )2Sr, were also made by E Drechsel 
and found to be more stable than the calcium salt E. Divers obtained a 
precipitate — barium carbamate — by mixing a barium salt, and a soln. of ammonium 
carbamate. E Drechsel only succeeded in making barium chloro-carbamate, 
BaCl 2 .Ba(NH 2 C0 2 ) 2 ; nor did he succeed in making lithium carbamate, but 
fine pnsms of hydrated sodium carbamate, NaO CO NH 2 , were obtained which 
effloresce in air, and become anhydrous over sulphuric acid When the anhydrous 
salt is heated, it decomposes . NH 2 C0 0Na=H 2 0+NaN : CO , and the hydrated 
salt : 2(NH 2 C0.0Na)+7iH 2 0=(w-l)H20+Na 2 C08+NH 2 CO.ONH4. Small 

deliquescent needles, and prisms of potassium carbamate, were obtained in 
several ways It decomposes like the sodium salt. In no case was cyanamide 
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obtained in the decomposition of the alkali carbonates, but with those of the 
alkaline earths, cyanates are first formed ; and urea is assumed to be derived from 
ammonium carbonate mediately through the cyanates E. Divers’ precipitates 
are not to be confused with those previously described The precipitate with 
ammonium carbamate and an alkaline earth chloride is more soluble than the 
precipitate with the carbonate 

R Ehrenfeld found that the carbamate m commercial ammonium chloride is not 
reduced by hydrogen at the cathode during electrolysis If the current be rapidly 
reversed during the electrolysis of soln of commercial carbonate (containing 
carbamate), with platmum electrodes, E Drechsel found after 8 hrs a salt of a 
platinum baBe is contained m the soln. There is also formed m the first or oxidation 
state : NH4O.CO NH2+0=H 2 0+C0 2 (NH 2 )2 ; and tbs undergoes a further 
transformation into urea C02(NH 2 )2+H 2 =C0(]SnEl2)2+H20. B. Gerdes also 
obtamed platmum bases m the electrolysis of soln of ammonium carbamate m 
a cell with platmum electrodes. 
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§ 35. Commercial “ Ammonium Carbonate ” 

Tbs product is also called sal alkalri volatile, sal volatile salis ammoniaci ; and. 
as previously indicated, owing to its formation during the dry distillation of hones, 
horns, and other animal products, spirit of hartshorn , sal volatile cornu oervi, etc. 
It is the ammonu carbonas of the pharmacopoeia 

According to E. Divers, 1 the product obtamed by cooling a mixture of three 
volumes of ammonia with two volumes of carbon dioxide m the presence of at 
least the calculated quantity of water vapour furnishes a substance similar to the 
ordinary commercial carbonate ; a greater proportion of carbon dioxide can be 
used if sufficient water vapour and some liquid water are present E Divers 
also found the same compound to be formed by the rapid distillation of any of tlie 
ammonium carbonates or of ammonium carbamate with water. 

Ammonium carbonate is prepared on a large Beale by distilling an intimate 
mixture of ammomum sulphate with twice its weight of ohalk in cylindrical cast- 
iron vessels, 7 to 10 ft long and ft diameter, and fitted with movable leaden 
covers at each end. Several retorts are heated in one furnace The vapours from 
the retorts are led into stone chambers where the carbonate is deposited as a crust 
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on the walls When the crust is sufficiently thick, it is detached by knocking the 
walls. The crude carbonate is mixed with 43-44: per cent of chalk, and xesublimed 
m pots covered by leaden caps, and heated by a water-bath between 70° and 80°. 
About 34 per cent, of the mixture employed is recovered as sublimed ammonium 
carbonate, and 59-60 per cent of calcium sulphate A certain proportion of 
ammonia or ammonium carbonate escapes in each operation, and the exit gases 
are therefore passed through a small scrubber where they meet a stream of sulphuric 
acid which retains the uncondeneed carbonate, and the free ammonia as ammonium 
sulphate. G Lunge recommended passing a stream of carbon dioxide through the 
chamber in order bo get a more complete recovery of the ammonia H Kunheim 
recommended passing ammonia gas obtained by the distillation of gas liquor 
directly into the condensing chambers where it meets a stream of carbon dioxide, 
obtained as a by-product from lime kilns or other manufacturing processes, and 
deposits the carbonate as a crust. Ammonium chloride can be used m place of 
the sulphate, and this has been the subject of patents by C. Wigg and J W Pratt, 
etc , although the process is a very old one. 

Neither ammonium carbonate nor ammonium carbamate can exist as vapour, 
for both these compounds decompose into their constituents when heated The 
nature of the products obtained by the distillation of ammonium chlonde with 
calcium, potassium, or sodium carbonate, depends on the behaviour of a mixture 
of water vapour, ammonia, and carbon dioxide-, or, since these substances do not 
combine until their temp is below the condensing point of steam, and therefore 
much of the water separates from the mixture in the liquid state, the nature of 
the products depends upon the reaction of eq quantities of moist carbon dioxide 
and moist ammonia, and the behaviour of the product of this reaction with liquid 
water. It is therefore assumed that the products of the distillation are ammonia, 
water, and the salt 2(NE^)HC0 3 CO NH 2 . E. Divers believes that this is not a 
satisfactory explanation of the reaction smce he found that the first product of the 
distillation of a mixture of calcium carbonate and ammonium chlonde is a mm oni um 
carbamate notwithstanding the presence of water, ef and that a substance with 
the composition of the commercial carbonate is formed when the moist carbamate 
iB redistilled.” 0 Eigrner obtained no calcium oxychlonde, if formed, but E. Divers 
usually found some oxychlonde ; 0 Figuier also obtained no ammonia, but he 
cooled his receiver with ice and assumed any ammonia which might be formed 
was arrested by the condensed liquid E Divers obtained no ammonia in the 
early stages of the distillation. If alkali carbonates be substituted for calcium 
carbonate, ammonia is given off from the very first, owing to the fixation of water 
and caibon dioxide from the dissociated ammonium carbonate by the cool alkali 
carbonate : Ki2C03+C0 2 +H 2 0+2NH 3 =2KH003+2NH3. At a later stage, this 
absorbed carbon dioxide is again set free to combine m part with some of the 
deposited “ carbonate of ammonia ” During the redistiUation of the primary 
product, E Divers found that an evolution of a mm onia gas commences between 
50° and 55°. 

0 Raspe treated the ammomacal liquid derived from the distillation of coal, 
bones, etc , with zinc carbonate to remove the sulphur, and finally distilled the 
product — the empyreumatic matters were removed by passing the vapours through 
hot coke An acid carbonate is also made on a large scale from aqua ammonia 
(from gas liquor) and carbon dioxide The product has 21-23 per cent of ammonia 
It decomposes more slowly than the ordinary commercial carbonate containing 
31 per cent of ammo nia According to P. Seidler, it furnishes the commercial 
carbonate when resublimed, as in the 1846 patent of E. C Hills 

There have been several patents for treating the amm oni um chloride liquors 
filtered from the hydrocarbonate obtained in preparing sodium, carbonate by 
E Solvay’s process Eor example, J. Young decomposed the soln of ammonium 
chloride by boiling it with calcium of magnesium carbonate ; F L Teed passed 
the liquid down a tower packed with lumps of limestone, but neither process was 



THE ALKALI METALS 


799 


very successful. H. Schreib made a special study of the action of a soln. of ammo- 
nium chloride on calcium carbonate — it proceeds three times as fast with. powdered 
marble, and twice as fast with powdered limestone as it does with freshly precipi- 
tated calcium carbonate The action is slower with limestone in lumps than in 
powder. The reaction is rapid at first, but afterwards proceeds slowly, taking a 
long time for completion 

The impurities in commercial carbonate may include ammonium thiosulphate 
derived from the ammonium sulphate or ammonium chloride containing some 
Bulphate , ammonium sulphate or chloride, derived from the same sources ; lead, 
derived from leaden receivers , and lime, calcium chloride, or other non- volatile 
substances may be present, and these remain as a permanent residue where the 
salt is volatilized 

The commercial carbonate has a conchoidal fracture, or it may occur in softer 
cakes of prisms arranged perpendicularly to the surface of deposition, or it may occur 
m white nearly opaque layers When subjected to a high press of 50-100 atm., 
W Hempel obtained the commercial carbonate in masses of stone-like hardness 
The chemical composition of the different samples is, however, fairly constant, which 
approximates to C0 2 , 55 93 , NH 3 , 28 81 , H 2 0, 15 26 per cent corresponding with 
(C 02 )a(H 2 0 ) 2 (NIIs )4 T 0 Bergman’s old analysis, made in 1774, gave C0 2 , 45 ; 
NH S , 43 ; J Dalton’s, made m 1813, C0 2 , 59 ; NH S , 24*5 ; and analyses between 1817 
and 1853, made by A Uro,R Phillips, T Thomson, J Davy, and H Rose, ranged from 
50 55 to 56 23 per cent. C0 2 , and 26 17 to 30*5 per oent. NH 3 . J. Dalton deduced 
from his analysis the atomic composition generally adopted in chemistry up to 
1870, and which he represented as eq to one mol of “ subcarbonate,” i e . hydro- 
carbonate, and two of the “ carbonate,” i.e the carbamate. E. Divers showed 
that there had been a change in the manufacturing process which furnished a 
product with 31 per cent, of NH 3 and 56 per cent of C0 2 corresponding with 
(C0 2 ) 2 (H 2 0)(NH 3 ) 8 , differing in many of its properties as well as m composition 
from the older commercial carbonate. The constitution of the commercial carbon- 
ate is (NH^)HC0 3 NH 4 O.CO NH 2 , corresponding with that required by a double 
salt of ammonium hydrocarbonate and carbamate, or else a mixture of these 
two salts. E. Divers favoured the former hypothesis The older commercial 
carbonate corresponded with 2 (NH 4 )H 00 3 NH 4 O.CO NH 2) and can therefore be 
regarded as having been a mixture of the new carbonate with Borne hydrocarbonate. 
Some differences are : 

In 1839, H Rose said that the ordinary commercial carbonate liquefied when slowly 
heated in a retort , whereas, m 1870, E Divers found scarcely any liquefaction. The older 
oarbonato when distilled with anhydrous calcium chloride gave ammonium chloride, 
calcium carbonato, and carbon dioxide, whereas the newer carbonate gave in addition 
ammonium carbamate. The solubility of the newor caibonate is about twice as great 
as the old ; and tho aq. soln. is not charged with carbon dioxide R, Phillips and E Divers 
have also reported as raro tho occurrence of the hydrooarbonate in commercial carbonate. 
In oonsequenoe of those differences it is necessary to know whether the old or the new 
oarbonato is m question when discussing the properties of the commercial carbonate. 
Sometimes the sesquioorbonate is to be understood. 

E, J. Maumon 6 (1880). K. Kraut (1886), L L de Koninck (1894), E. O. von 
Lippmann (1888), eto , have given analyses of commercial samples. According to 
J Dalton (1819), when the older commercial carbonate is exposed to an, it loses 
about 50 per cent, in weight, while, according to E Divers (1870), the more recent 
carbonate loses 43-44 per cent. In either case, the white residue was observed 
by J. Dalton, E Divers, and H. Vogler to consist of ammonium hydrocarbonate, 
(NH 4 )HC0 3 . The commercial carbonate gets moist when heated. When slowly 
distilled, the product has virtually the same composition as before, except that 
at the beginning a little normal carbonate is formed, and towards the end, some 
hydrooarbonate appears. A. Basaroff found that when heated m sealed tubes to 
130° it is converted mto urea, CO(NH 2 ) 2 * 
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The ordinary method of determining the solubilities cannot be applied to the 
commercial carbonate because a sat soln decomposes any fresh carbonate added 
to it F RudorfE found the temp, fell from 15 3° to 3 ‘2° when 25 parts of salt are 
dissolved in 100 parts of water. E. Divers found that 100 parts of water at 15° 
dissolve 25 parts of the commercial salt, and at about 65°, 66 7 parts. When the 
sat. soln is cooled, it furnishes crystals of the hydrocarbonate, T J. Pelouze and 
E Fr£my 2 said that the sesquicarbonate separates under these conditions, but in 
E Divers’ opinion this statement is wrong. According to J. J Berzelius, 100 parts 
of water at 4:9° dissolved 60 gnns of the old carbonate of commerce. In a general 
way, E. Divers has shown that the solubility of the commercial carbonate approxi- 
mately accords with the hydrocarbonate it contains — viz. one of the salt in two of 
water. G. Lunge measured the sp gr., JD, of soln. of ammonium sesquicarbonate 
and found this constant rose from 1*005 with 1*66 per cent of salt to 1 144 with 
44 90 per cent, of salt, at a temp 12°. Some intermediate values are : 

Per cent salt . . 3 18 6 04 11*86 17 70 23 78 29 93 36*88 44 29 

Sp gr. . . . 1*010 1 020 1*040 1 060 1 080 1 100 1-120 1 140 

T. Griffiths found a cold sat. soln. of the old carbonate to boil at 82° ; J. Davy 
says such a soln decomposes with the formation of bubbles of gas at a lower temp, 
than this. Probably the two observers attached a different meaning to the term 
“ boiling ” At 100°, T. Griffiths found the soln to have given off all the carbonate 
it contained and to be nothing but water. E Divers found a sat soln of the new 
carbonate begins to effervesce at 60°, and does so copiously at 75° — the first products 
of the effervescence axe carbon dioxide, but at 85° ammonia is also present, and a 

liquid condenses on the neck of the retort. E. Divers says the first action of water 

is to split the salt into the acid carbonate crystals and ammonium carbamate which 
remains in soln. : (N58)sH20(C02)2=(Na4)H008+C0 2 (NH3)2 ; the carbamate 
m soln is hydrolyzed to the normal carbonate, COgCNHaJg+HaO^CNH^JaCOs, 
which then reacts with the commercial carbonate forming crystals of the sesqui- 
carbonate, and a soln. of the carbamate, 2(C0 2 )2H20(NH3)3+(NH4) 2 C0 2 +H 2 0 
=(NB^)4H 2 (C0 3 ) s H 2 0+2C0 2 (NH 3 )2- The carbamate so formed is hydrolyzed, 
as before, to the normal carbonate which may separate in the crystalline con- 
dition, to form the sesquicarbonate and orthocarbonate, 3(NH4) 2 C0 3 H2O 
=(NH t ) 4 H2(0O 3 ) 3 H 2 0+2NH 3 +2H 2 0 ; or 4(NH4) 2 C0 3 H 2 0=(NH 4 ) 4 H 2 (C0 8 ) 3 .H 2 0 
+(NH 4 ) 4 C0 4 +2H 2 0 . The carbamate may also form orthocarbamate, 
(NH^O) 2 C(NH 2 ), and sesquicarbonate, 4(NB^O 0O.NH2)+4H 2 G=(NH 4 ) 4 H 2 (CO3)3 
+(NH40) 2 C(NH 2 ) 2 . The equations last inchoated are hypothetical The facts v 
are that in the action of water on the commercial carbonate, crystals of hydro-, 
sesqui-, and normal meta-carbonates can be obtained along with a soln of ammonium 
carbamate and what E. Divers assumes to be either ammonium orthocarbonate or 
orthocarbamate. 

Aq. alcohol extracts the carbamate from the commercial carbonate, and leaves 
a residue of the hydro carbonate. N W Fisoher noted that alcohol precipitates 
the hydro carbonate from the aq. soln. of the commercial carbonate , this precipitate 
waB formerly named offa Hdmonti after J. B. van Helmont, who described it in 
his essay De Uthiasi (Amstelodami, 1648), According to L. Hunefeld (1836), 
when the commercial carbonate is warmed with 90 per cent alcohol, at 47 5° bubbles 
of gas begin to rise from the undissolved mass, which increase up to about 60° 
when there is a copious effervescence of nothing but carbon dioxide. Above 62°, 
a liquid condenses m the neck of the retort, and this contains the normal carbonate. 
E. Divers (1870) obtained similar results, but at rather lower temp than those which 
L. Hunefeld recorded. The spirUus ammomce aromatims of the British Pharmacopoeia 
generally contains an alcoholic soln. of ammonium carbonate with an excess of 
ammonium hydroxide, with a little oil of lemon and oil of nutmeg. It is made 
by distilling a mixture of these oils with alcohol, aqua ammonia, and ammonium 
carbonate. 
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Cone aqua ammonia m tlie cold dissolves carbamate from the commercial 
carbonate, and it converts the hydrocarbonate into normal carbonate either by 
removing half its carbonic monohydride, or by combining with it and with water. 

If the commercial carbonate be digested with a sat soln of ammonia m a closed 
vessel at 20° to 25°, this salt slowly dissolves, and the soln , on cooling, deposits crystals 
of ammonium carbamate and a little normal carbonate . (NH 3 ) 3 H 2 0(C02)2+NH3 
=H20+2C0 2 (NHg) 2 . C. Arnold has tabulated the solubilities of the freshly pre- 
cipitated carbonates and hydroxides of most of the common metals in sat soln 
of potassium and ammonium carbonates, A. Ditto studied the action of soln. of 
ammonium carbonate on vanadic oxide 

G. Gore found that when the commercial carbonate is heated with hydrogen 
chloride, it swells up, and with liquid hydrogen chloride it giveB off no gas, and does 
not dissolve ; also the product gives no gas with dil aq hydroohloric acid H. Rose 
observed that when the commercial carbonate is warmed with hydrogen sulphide 
it is partly converted into ammonium sulphide ; that sulphur dioxide has no 
action at ordinary temp , but when warmed together, a yellow sublimate of NH 3 .S0 3 
is formed, and then white ammonium sulphite, (NH*) 2 S0 3 . 

"When heated to 60° with potassium carbonate, E Divers found ammonia 
to be evolved, at 65°, carbamate is formed, and the reaction is completed at 80°, 
a compound of potassium hydrocarbonate and ammonium carbamate, 
(KHC0 3 ) 2 NH 4 0 CO NH 2j is formed in the first stage of the reaction, say : 
(NH 3 ) 3 H s >0(C02)2+Kl2C03=(KHC0 3 )2C02(NTl3)2+NH 3 . This product is taken 
to be the potassium analogue of commercial ammonium carbamate, which in the 
second stage of the reaction decomposes to carbon dioxide and ammonia which 
condense to ammo mum carbamate (KHC0 3 )2C0 2 (NH 3 ) 2 =2KHC03+[C02+2NH3], 
so that the content of the retort at the end is nearly all potassium hydrocarbonate. 
Again, when heated with dry calcium chloride to 50°-52°, a little carbamate appears 
and carbon dioxide is evolved. The amount of carbon dioxide evolved gradually 
diminishes as the temp, approaches 60°: 2(C02)2H 2 0(NHg) 3 +2CaCl2= : 2CaC03 
+4NH4d+[C0 2 +2NH 3 ]+C0 2 — the bracketed products condense as carbamate 
— a mixture of unchanged calcium chloride, ammonium chloride, and calcium 
carbonate remains When commercial carbonate is mixed with dihydrated calcium 
chloride, the smell of ammonia disappears, the mixture gets warm, swells up, and 
evolves carbon dioxide. When eq proportions axe used, and, after the preliminary 
action has subsided, heated to 50°, nothing but carbon dioxide and water are evolved, 
and a porous mass of ammonium chloride and calcium carbonate remains Dry 
sodium chloride suffers no change, but if moisture bo present, some ammonium 
chloride and sodium carbonate appear to be formed. H. R Ellis found that when 
commercial ammonium carbonate is heated with magnesium powder, amorphous 
carbon and some graphite are formed J. D. Riedel examined the action of com- 
mercial ammonium carbonate on zeolites ; and R. Warrington has studied the 
mtrification of ammo mum carbonate soln 

R Ehrenfeld observed the formation of ammonium formate during the electro- 
lysis of soln. of commercial ammonium carbonate (with one part of aqua ammonia, 
sp. gr 0 910, and four parts water) in a cell with a porous diaphragm, and with 
zmo or amalgamated zinc cathodes and with a curient density of 0*01 to 0 08 amp , 
and a current of 5 to 10 volts for 12 hrs at ordinary temp. There is no reduction 
with cathodes of copper, iron, nickel, lead, or platinum. The amount of reduction 
depends on the current density and on the cono of the soln No formate was 
detected when the current density was below 0 01 amp , and the cone below one- 
fifth that stated above. The formation of the formate is attributed to the presence 
of NH^C(V-ions in the cono. soln. and not to the presence of carbamate in the 
commercial carbonate. Analogous experiments with the alkali carbonates gave 
no formates, although A, Coehn and S. Jakn obtained formates during the electrolysis 
of aq sodnlm hydrocarbonate. 

Ammonium carbonate is used m wool-scouring, silk washing, dyeing, and in 
* vol. n. 3 f 
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the manufacture of baking powders It is also used medicinally as a gastric stimu- 
lant in dyspepsia , as a cardiac and general stimulant in syncope, for stimulating 
the respiratory movements ; as an aid in the expulsion of tlnok mucus , and also 
as an emetic. 
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. 36. The Alkali Nitrates 

R. Boyle, 1 in 1667, obtained fixed alkali by the calcination of nitre, and he 
regenerated the nitre by the action of nitric acid on the fixed alkali. J. Mayow 
accordingly regarded sal mtnum as a compound of acid and alkali. L Lemery 
(1717), E, Geoffroy (1717), and G. Stahl (1723) took the same new, J. Bohn 
(1683) first clearly distinguished the crystals of potassium and sodium nitrates, 
and R Boyle’s description of the crystals shows that he had prepared the sodium 
salt in 1667. J. G Wallenus 2 again emphasized the difference between the crystals 
of sodium and potassium nitrates m 1750, and this was confirmed by J B L. Romfc 
de ITsle m 1783 ; and by R, J. Hauy in 1822 ; A. Breithaupt called sodium nitrate 
Zoatinsah ; and *W Haidmger, NitrnX%n. 

Relatively small amounts of nitrates occur in nature aB impregnations or 
efflorescences on other minerals They are formed by the decomposition, under 
special conditions, of the organic matter m soils On account of the relatively 
large solubility of the nitrates in water, they can only accumulate in tho so-called 
rainless regions — Chile, California, South-West Africa, Middle Asia, etc. A little 
ammonium nitrate is derived from the atm , where it is produced by electrical 
discharges acting on the contained nitrogen and oxygen. In comparatively recent 
times, too, nitrates have been produced artificially by the action of electrical 
discharges on air. Nitrates are found in exudations from animals — urine, perspira- 
tion, and saliva. 3 L. Lemery (1717) found nitre to be present in the juices of 
certain plants, and A. Boutm found this to be particularly the case with the 
amaranthus bhtum , amaranthus nebus, and the amaranthus atropurpureus ; the dried 
plants contain respectively 11, 16, and 23 per cent, of nitrate. Saltpetre has been 
reported to be present in onions during summer, where it is formed through the 
oxidation of ammonia The potassium of naturally occurring saltpetre is probably 
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derived from the weathering of felspathic locks The deposits of potassium salts, 
occurring m isolated pockets m vanous parts of the mountains of South Africa, are 
assumed by E. G Bryant to be derived from the excrement of the rock-rabbits, 
the nitrogen of which, by a process of nitrification, forms nitrates , the base is 
derived from the rocks below The mire deposits occur m the Gnquatown beds 
of the Transvaal geological system The laigest beds occur at Prieska (north- 
east Cape Colony) , a deposit m the Transvaal furnished the old Boer Republican 
Government with sufficient nitre foT the manufacture of gunpowder Analyses 
range from 12 to 25 88 per cent, potassium nitrate, small, often insignificant 
amounts of calcium nitrate , potassium sulphate up to about 10 per cent , sodium 
nitrate, 1 1 to 22 4 7 per cent , and a small amount of sodium chloride The 
potassium salt is recovered by washing There are natural deposits of potassium 
nitrate m India , and a deposit is reported from Brazil with 89 pei cent of this salt. 

Large quantities of sodium mbrate occur in the Argentine, in California, and 
principally m the ramless zone on the West Coast of South America — Peru, Bolivia, 
Chili The salt occurs m large flat basins- — caliche? as — between the ndges on the 
Tarapaca plateau and Antofagasta. m Chili, and the centre of the trade is at Iquique. 
The district where the nitre beds occur is rainless and devoid of vegetation. Fig. 75 
represents a diagrammatic cross-section through a mt?e bcism which will give a 
rough idea how soda nitre occurs According to A. Kroczek, 1 there are roughly 
five not veiy sharply defined layers : (l) The first or surface layer, named chuka , 
consists of 2 or 3 inches of grey sand and pebbles mixed with a little sodium sulphate 
and gypsum. The surface itself is almost devoid of vegetation, (n) Below the 
surface is a l-to-5 ft, layer of similar material cemented together with clay and 
salt and sodium nitrate This stuff is 
called by the natives cosfra (a crust). 

(m) Below the costia is a layer of 
sodium chloride, etc., resemblmg costra 
and called conjelo. (iv) Below the 
conjelo is a white stratum of massive 75 — Diagrammatic Geological Section 

nitre-bearing rock, 1 to 5 ft. thick, of Nitre Bed 

which is called by the natives caliche 

(v) A layer of clay and loam containing some sea fossils and a little salt , it is callea 
coba. The bed-rock consists of shale, or limestone, or other rock which may be there 
outcropped 

Costra is a kind of low-grade nitre rock or caliche running 5 to 17 per cent, 
sodium mtrate which does not pay to work , the caliche runs 18 to 25 per cent , 
and in exceptional cases 50 to 60 per cent sodium nitrate — the average runs 20 
to 30 per cent The deposits are close to the surface, and naturally vary a little 
m composition m different places R. F. Blake and V. TOlivier’s, and L. Dieulafait’s 
analyses 6 of costra and caliche show : 

NaNOg KNOg NaOl Na 2 90 4 CaS0 4 MgCl 2 OaCO, 

Caliche . . 37 9-02 3 0 3-26 1 20 6-41*5 2 7-7 3 0-04 0 4-0 7 0 1-0 15 

Costra . . 18 6-24 1 6 45 22 0-57 5 3 6-16 0 7*79 0'4-l 6 0 09 

In addition, the caliche contains 0 04-1 06 per cent of potassium 10 date, and the 

coBtra 0 03 per cent , the caliche 0*02-1*32 of potassium chlorate. A T Machattie 
gives from 0*73 to 1*90 per cent, of sodium lodate in caliche, and R F. Blake and 
V. TOhvier a trace of lodme. L Dieulafait found traces of lithium, rubidium, 
and caesium salt ; H Beckurts, chlorates and perchlorates up to 5 64 per cent , 
M. Maxcker, borates and humus , G F. Schonbem, nitrites and ammonia ; R Wagner, 
iodine and bromine. H Gruneberg says the former is present as lodate or periodate 
W Ostwald considers that the presence of the highly oxidized salts — lodates and 
perchlorates — shows that the deposits were formed in an atm highly charged with 
ozone. H Guyard says the yellow coloration of some samples is due to the 
presence of potassium chromate; and the violet to manganese nitrate. The 
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unusual mineral species, darapslate, NaNOg Na 2 S0 4 H 2 0 ; and mtroglauberite, 
6NaN0 3 2Na 2 S04.3H 2 0 } have also been reported by G. E Bailey to be associated 
with the nitrate beds m Chili and California 

The extraction of sodium nitrate. — The oahche is mined by boring down to the lowest* 
stratum The bore is enlarged and charged with blasting powder The explosion breaks 
up the nitre bed within a 60 ft radius of the explosion. The caliche is sorted out and 
transported to the leaching works The oaliohe is extracted with water, by the counter- 
current process used in the alkali industry, and the soln is recrystallized so as to separate 
the sodium nitrate from the accompanying impurities — sodium chloride, sodium and 
calcium sulphates, sodium lodate, sodium perchlorate, insoluble matter, etc Commercial 
Chili saltpetre contains from 96 to 98 per cent of sodium nitrate The sodium lodate 
which accumulates m the mother liquid is used for the m a nufacture of iodine. 
A. W- Allen has also doscnbed a process of treatment. C M Barton 0 has shown that 
by evaporating the liquor from the crystallizing vats to a great density, sodium nitrate 
with 26 per cent potassium nitrate can be obtained A bibliography has been published by 
A- Bertrand. 

The world’s consumption of sodium nitrate in 1912 was 2,460,000 tons , and in 
1914, 2,633,000 tons Sodium nitrate can be converted mto potassium nitrate by 
double decomposition with potassium ehlonde, 7 with potassium hydroxide 8 , or 
with potassium carbonate ; and also by first converting it into barium nitrate and 



Fiu. 70 — Solubilities of the Four Components of 
2NaNO a + K 2 C0 3 ^Na fl (J0 3 + 2KNO s . 


treating this product with potassium sulphate 9 H. Hampel discussed the trans- 
formation of calcium nitrate into potassium nitrate • K 2 S04+Ca(N03) 2 ===2KN0 3 
H-CaS0 4 . J W. Bxonsted showed that the free energy of the reaction 
KCl+NaNOs^NaCl+KNOg us 740 cab 

The double decomposition of sodium nitrate by potassium carbonate whereby 
sodium carbonate and potassium nitrate are formed, 2NaNO s +K 2 CO 3 ^Na 2 0O 3 
+2KN0 3 is not a widely used technical process for converting sodium 
nitrate mto the corresponding potassium salt , but its interest as an example 
of reciprocal salt formation led R Bjemann and A Zitek ^ to investigate 
the conditions which give the maximum yields of potassium nitrate, and of 
sodium carbonate There are the solubilities of the different salts to consider 
m the presence of one another, the transition points of the different hydrates, 
and the possible formation of complex salts — in the present case, the double 
salt, NagCO^.E^COs 6H 2 0 R ELremann and A Zitek worked at 10° and 24 2°. 
The solubilities of the individual salts m mols per 1000 guns of water are 
plotted in Ihg. 76. Here, OD represents the solubility of sodium carbonate , 
00, of potassium carbonate ; OB, of potassium nitrate ; and OA, of Bodmm 
nitrate. The unit of measurement is that recommended by R. Kxemann in his 
Lenljaden der graphwhen Gherme (Berlm, 1910), namely, 2~* less than that in 
space R. Erem.ann and A Zitek 3 s values foT the solubilities in mols. per litre are 
indicated in Table LYI, where “ D.S.” refers to the double salt, K 2 C0 8 .Na 2 C0 fl .6H 2 0. 
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It might also be added that Na 2 C0 3 is always present with the decahv draj^e CA 0 tl 
solid phase at 10°. 


Table LVI — Solubilities or Potassium and Sodium Nitrates and Carbonates 


Solid phase. DS.- double salt. 

24 2° 

10° 

2^A^O lJ 

| Na a CO a 

K a C0 3 

2ENO a 

ptfaNOa 

Na a CO a J 

K 8 C0 8 

2KNO a 




Solutions Saturated with One Salt 


NaNO, 

• • 

5 37 





. 

4 730 







Na„CO s ]OH a O 

a • 

— 

2 691 

— 

— 

— 

0*8247 

— 

— 

k 8 co 8 . 

• ft 

__ 



— 

, — 

— 



7 838 

— 

kno 8 . 

* • 

— 

— 

— 

1 86 

— 


— 

1 1 407 



Solutions Saturated with Two Salts. 


NaNOa+Na^COj, 7H a O 

* ft 

3 69 j 

2 05 

_ * 

. 

1 4 167 

10 82471 — ' 

— 

Na,c6 s . 7H,0 +Na 2 C0 8 ' 

■ IOHjO 

2 701 | 

2 482 

— 

— 

separates out at 10° 

— 

Na a OO a +DS. 

. . 

— 

3 422 

1 760 

— 

— 

I 663 

2 561 

— 

K a CO a +JD S 

* a 

— 

106 

7 77 

. — 

— 

0 5767 

7 61 

— 

K„CO s ^-KNOa . 

4 « ' 

— 

— 

8 040 

0*153 

. — 


7*780 

0 1316 

NaNOa+KNO, . 

it ■ 

5 95 

— 

| 

2-15 

4 949 

— 

— 

1 497 



I Solutions Saturated with Three Salts 


NaSr0 3 +Na,CO.+KN0 a 

4 165 | 

2 055 


1 400 

4*479 

0 610 



1 069 

KN0 3 +Na a C0 8 +I>.S. 

* ft 

— 

3 095 

0 184 

1-053 

— 

1 513 

0*1334 

0 7057 

K a C0 a +KNO 8 +D S 

4 m 

— — 

0 734 

7 338 

0 312 

— 

0 4981 

7 408 

0 0715 


Again referring to Eig 76, from the point D, the solubility of sodium carbonate 
decreases proportionally with increasing cone, of sodium nitrate, so that deca- 
hydrated sodium carbonate, Na 2 C0 3 10H 2 O, is precipitated along DQ 2 , at Q 2 
the decahydrate is transformed into the heptahydrate, Na 2 C 03 . 7 H 2 0 , along 
QzQi, the heptahydrate is precipitated, at Q ly the soln is sat, with both, the 
heptahydrate and sodium nitrate, NaN0 8 ; and the curve Qi A represents the solu- 
bility of heptahydrated sodium carbonate and sodium nitrate The addition of 
sodium nitrate to a soln of potassium nitrate or of potassium nitrate to one 
of sodium nitrate raises the solubility of the other as shown by the curves 
AR , and RB , where R represents a soln sat with respect to both salts. This 
is a case where salts with a common ion do not mutually lower but rather 
raise one another’s solubility. A double salt has not been isolated, and the 
phenomenon is accordingly ascribed to the formation of complex ions The curve 
BSC represents the effect of potassium carbonate on the solubility of potassium 
nitrate, and wee vasd , S represents a soln. sat with both these salts The curve 
DU TO represents the effect of potassium carbonate on tbe solubility of sodium 
carbonate; at U the soln is sst. with sodium carbonate and the double salt, 
Na 2 C0 8 .K2C0 8 6H a O, and at T t with potassium carbonate and the double salt 
Owing to the formation of the double salt, there are three soln sat with three 
salts, namely, P 1} sat. with the two nitrates and sodium carbonate , P z , with 
potassium nitrate, the double salt, and sodium oarbonate , and P 3 , with potassium 
nitrate, the double salt, and potassium carbonate The line Q x Px represents a 
soln. sat. with sodium nitrate and carbonate with the addition of increasing pro- 
portions of potassium nitrate ; RP Xi of the two nitrates, with additions of sodium 
carbonate ; UP Z) of the double salt and sodium carbonate, with potassium nitrate , 
PP 3 , the double salt and potassium carbonate, with potassium nitrate , SP 8 , 
with potassium nitrate ana carbonate, with the double salt of sodium 

carbonate and potassium nitrate, with sodium nitrate , and with the double 
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salt and potassium nitrate, with additions of sodium carbonate. The regions 
bounded by these lines are RAQ^x, representing soln, sat. with respect to sodium 
nitrate , PPjP^P^SB, potassium nitrate ; SP^CT, potassium carbonate ; PP 3 P 2 Z7, 
the double salt , and UP 2 P 1 Q 1 Q 2 D, sodium carbonate. The latter is present as the 
decahydrate m the whole field PiQiQa-DDPg* but at 24 2°, the field is subdivided 
into three regions : Q^DUq, with the decahydrate, Na 2 C0 3> as solid phase , QzQir&q, 
with the heptahydrate, Na 2 COg 7H 2 0, as sohd phase , and tsP 2 Qi, with the mono- 
hydrate, Na a CO s H 3 0, as sohd phase. The soln along P ± P Z is sat with KNO s 
and with monohydrated sodium carbonate as solid phase. The points r, q 3 and s 
aie arbitrarily selected — the observed facts are the transition point Q Z) and the 
fact that the monohydrate separates along the line i\P 2 The transition point 
of the monohydrate is at 37°, and this pomt is lowered by the presence of the large 
amount of salt corresponding with P^Pg that the monohydrate separates along the 
line PiP 2 . In the technical application of the process, the sodium nitrate and 
potassium carbonate are brought together at a smtable cone., and after the pre- 
cipitation of potassium nitrate there remains a soln. sat with potassium nitrate 
m the presence of two other salts in soln. At 24 2°, a soln will be obtained corre- 
sponding with a pomt m the region EBBP^P 2 P^, and the aotual position will be 
determined by the cone of the soln of sodium nitrate and potassium carbonate 
initially employed, and the conditions can be so chosen that the resulting soln is 
represented by a pomt lying on and after tho precipitation of potassium 

carbonate the soln will then be sat. with sodium carbonate Let 27# denote coefi 
of efficiency, that is, the percentage of potassium carbonate used up, and the 
corresponding coeff of efficiency for the sodium, then 

Pjt= lo °[co,-K i i aod 

0 Ug JN a 2 

Since all the C0 3 and K 2 in the soln comes from the potassium carbonate, it follows 
that the term [C0 3 — Kg] is eq to the potassium precipitated as sohd nitrate, and 
Ur therefore represents this amount as a percentage on the original potassium 
taken Similarly, V^a gives the percentage of the radicle N0 8 which is precipitated, 
and since Na 2 is eq. to (NO a ) a , it also gives the percentage of sodium usefidly 
employed for the production of potassium nitrate In continuing their study, 
R Kiemann and A. Zitek point out that in practice it is desirable to obtain a soln. 
as sat as possible with sodium carbonate after the precipitation of the potassium 
nitrate, so that the mother liquor can be worked as economically as possible for 
sodium carbonate. Hence, the amounts of the two original salts employed will be 
those required for the soln to be sat. with sodium carbonate after tho prooipitation 
of potassium nitrate The cone, of soln. sat. with both sodium carbonate and 
potassium nitrate is represented by a pomt on the curve P^P^. The coolf. of 
efficiency for soln represented by the points and P 8 ai 0 : 




Pi 

Between P x P t 


Near P B 

i’s 

Vx . 

• 

. 31 7 

67 1 

67*6 

46-8 

6 8 

v a . . 

• 

. 8 6 

64 6 

68 0 

30*3 

78 4 


The maximum efficiency is clearly at the point Pg, for the potassium efficiency 
decreases in passmg towards P 8 A mixture containing 29 5 grins, of sodium 
nitrate, 24 5 potassium carbonate, and 50 grins of water, alter agitation, furnishes 
a soln corresponding with the pomt P 2 , and there separates 241 grins of potassium 
nitrate contaminated with 4*5 per cent, of carbonate — the theoretical yield is 
23 '6 of potassium nitrate. 

Sodium carbonate is obtained by adding sodium nitrate to the mother liquid 
which after the separation of the potassium nitrate corresponded with P 2 , tins 
carries the pomt representing the composition of the soln. along P 2 P t towards 
Pi At P 2 there is practioally no sodium nitrate in soln , and when this salt is 
added, the solubility of the sodium carbonate is lowered, from 37*7 grins, per litre 
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at P 2 to 21*7 gnnB per litre at P 1} and this salt is therefore precipitated. Potassium 
nitrate is not precipitated because its solubility rises towards Pj. To get a soln 
corresponding with P lt after the precipitation of the sodium carbonate, it is necessary 
to add potassium carbonate which reacts with the sodium nitrate present in large 
excess, forming sodium carbonate and potassium nitrate The former salt is pre- 
cipitated, the latter remains saturating the soln The difference in the, solubility 
of sodium carbonate at P 2 an( ^ -Pi 18 160 grms per litre, and what is virtually a 
theoretical yield can be obtained K Kremann and A Zitek also found that it 
was better to work at 24 2° than at 10° because the coeff. for the initial cone, at 
the latter temp are smaller 

l&e usual process of converting sodium into potassium nitrate is as follows : Chili 
saltpetre is dissolved m about 1 \ times its weight of boiling water, and a soln of sylvme 
— potassium chloride, from the Stassfuit deposits — m three times its weight of water, is 
poured into the sodium nitrate soln. Sodium chloride at once separates as a fine granular 

E recipitate KCl+NaNOg^NaCl-l-l^NOa The crystals are removed, and the mother 
quid is evaporated to about half its original volume, and the sodium chloride again removed 
The sodium chlondo is washed with water to recover some o± the potassium nitrate removed 
with the crystals, and the washings used for dissolving more of the raw material The 
mother liquid is further cone by evaporation Crude mire crystallizes from the soln. 
This is purified by recrystal lization from boiling water, which is stirred while cooling so 
that the nitre crystals may be small and granular — untie meal The crystals are dried and 
packed in sacks for transport The potash mire still holds about half per cent, of sodium 
chloride The by-product, sodium chloride — -pickling salt — is profeired to ordinary salt 
for pickling meat, probably because of the quantity of nitre it still contains. 

The origin of the mbre beds is not known 11 It is generally agreed that the 
nitrogen is of organic origin — animal or vegetable Since immense deposits of 
guano have been found on some of the islands off the coast of Peru — e g the Chincha 
Islands — it has been suggested that the nitrogen is derived from the guano. If 
so, it is not clear where the phosphates have gone, since there is practically no 
calcium phosphate in the mtre beds. Of course, the soluble nitrates may have 
been leached from decayed guano in some other locality and deposited m their 
present form The origin of the deposits has not been satisfactorily solved. The 
most generally accepted explanation is that the beds have resulted from the decay 
of enormous quantities of organic matter, particularly seaweed, which probably 
accumulated in a long narrow lagoon of water. This deposit was afterwards elevated 
by movements of the earth The geologists claim to recognize the remains of 
seaweed m some parts of the mtre beds. 

When organic matter decays, say, in the soil of cattle yards and stables, ammonia 
and a mm onium compounds are produced by the action of certain bacteria. If 
the soil be fairly dry, but not too dry, a white scum appears on the exposed surface. 
The scum is made up of small crystals of potassium nitrate ; and, after a time, if 
the soil be extracted with water and strained, the liquid, on evaporation, furnishes 
yellowish-brown crystals of crude mtre The crude mtre can be purified by re- 
solution and crystallization The white efflorescence sometimes seen on the walls 
of stables, etc , is sometimes, though not always, due to the formation of nitrates in 
this way. 

The first stage in the decomposition of the organic matter is due to the aotion 
of certain bacteria Amm onia and ammonium compounds are formed along with 
other gases which produce the characteristic odour of putrefaotion The next 
stage in the process of decomposition is due to the action of a special bacterium — 
the nitrous ferment — which converts the ammonia mto nitrous aoid * 2NH 8 +30 2 
— 2 H 2 O+ 2 HNO 2 Another bacterium — the nitric ferment— transforms the nitrous 
mto nitnc add : 2HN0 2 +0 2 ==2HN0 3 . The two last-named varieties were isolated 
by S. Winogradsky 12 m 1891. By the agency of these three types of bacteria, 
the soil is constantly receiving fresh supphes of nitrates necessary for the growth 
of plants, and derived from the decomposition of the organic matter present in the 
soil The free acids are not really present in the soil because the alkali or alkaline 
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eaiths present interact with the acids producing the nitrates and nitrites It ia 
owing to these reactions that water, contaminated by drainage from surface soil 
contains nitrates According to S. von Bazarewsky, the nitrate formation m soils 
extends down to a depth of 10 cm , and the optimum temp is between 25° and 27°. 

During the Napoleonic wars, Trance had great difficulty m procuring sufficient 
mtre for the manufacture of gunpowder This led to the construction of nitre 
beds or nitre plantations m various parts of the country 13 When the Trench 
ports were thrown open, after these wars, the manufacture of nitre, m Trance 
was abandoned because it could be imported more cheaply from India Tho process 
is still used in a few localities — e g Sweden 

Soil rich m humus, dung, or animal offal is piled into heaps with the d£bns from buildings, 
or with lime, or wood ashes The heaps are protected from ram by sheds. A system of 
gutters or pipes may also distribute the liquid excretions of animaJs over the top of the 
heap* The piled mass is called a nitre plantation Before long a white film of mtre 
** grows ” on the windward face of the pile This is scraped off regularly, and leached as 
indicated above. If lime be present, the rosultmg calcium nitrate is converted into potassium 
nitrate by the addition of wood ashes — potassium carbonate: Ca(NO 3 ) 3 +K a CO 3 =2KN0 
-fCaC0 3 The mtre is then purified by recryatallization. ' 

In the hot dry countries of the East — India, Persia, Arabia. — Guatemala, etc., 
particularly m the neighbourhood of villages — old or new— where unne and other 
organic matters find their way into the calcareous soil owing to imperfect systems 
of sewage disposal, the process of nitrification goes on rapidly The soil or nitrate 
earth, called chhilua , is extracted, with water every few years, and the nitrates, 
chiefly calcium and potassium nitrate, are extracted as indicated above. 14 The 
product from the soil in the Valley of the Ganges (Bengal) is called Bengal saltpetre ; 
it is principally potassium nitrate. If calcium mtrate be present, potassium 
carbonate is added to the aq extract from the soil, so that calcium carbonate may 
be precipitated, and potassium mtrate remain in soin The Indian term for nitre 
is sot a, and the men who collect the raw material are called sora wallahs. The 
nitre so collected was exported and, prior to the introduction of cheap ice-machines, 
was used as a freezing mixture. The nitrates of lithium, rubidium, and CEesium 
are made by the crystallization of the soln obtained by neutralizing a soin of 
nitric acid with the respective carbonates or hydroxides. 

Crystalline form. — Lithium nitrate crystallizes in rhombohedra (trigonal 
system) 16 P. W. Bridgman observed no new form of lithium nitrate between 
20° and 200°, and press, between 1 and 12,000 kgrmB. per sp. om Tho older 
authorities-^ g. P. Kremers — supposed this salt to be tnmorphic, but the supposed 
polymorphism is probably due to their mistaking hydrates for polymers of the 
anhydrous salt. It is doubtful if lithium mtrate is isomor plioua with silver or 
sodium nitrate, although J. W. Retgers says that sodium and lithium nitrates are 
isomorphous. 

Sodium mtrate forms trigonal crystals « with tho axial ratio a : c -=1 : 0*8297. 
The ihombohedral form of the crystals of sodium nitrate explains why this salt is 
sometimes called cubic nine, or rhornbohedral mtre, as distinot •from pTisinatie nitre, 
or potassium nitrate. The crystals illustrated m Tig. 78 have been crystallized 
on a slip of glass, and photographed under the microscope. The outline drawing 
shows the form of an idealized crystal, and both salts, according to A, dos Oloizeaux, 
have a strong negative double refraction. The crystals of lithium and sodium 
nitrates resemble one another so closely that they appear to be isomorphous, but 
R. Knokmeyer found that at 60°, when crystals of anhydrous lithium nitrate are 
formed, soln containing different proportions of the two salts give crystals of 
sodium nitrate quite free from the lithium salt. The crystals of sodium nitrate 
closely resemble those of calcite in their angular measurements and optical pro- 
perties, so that in spite of the difference in the composition of these two salts, they 
have long been regarded as isomorphous. If a freshly cleaved crystal of calcite 
be placed in a crysta llizing soln. of sodium nitrate, the rhombohedra of the nitrate 
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orient themselves so that their edges are parallel to those of the caicite cleavage ; 
but the deposition is not regular on old cleavage faces of the caicite T Y. Barker 
showed that the parallel deposition of sodium mtrate on clean and fresh cleavage 
faces of the caicite is independent of the habit or variety of the caicite ; and after 
studymg many examples of the phenomena, he concluded that the necessary 
condition for parallel and regular growth is closeness of mol volume rather than 
similarity of angle or of axial ratio H A Miers and J Chevaher also showed that 
fragments of caicite will serve for inaugurating the crystallization of underoooled 
soln. of sodium nitrate 

Sodium nitrate, although so like the other alkali nitrates which furnish poly- 
morphic forms, has not yet presented polymorphic forms. Trigonal sodium 
mtrate crystallizes lsomorphously with the high temp form of silver nitrate, 
and in small percentages with the low temp form, so that the two salts appear 
isodimorphous. Mixed soln furnish rhombic mixed crystals if silver mtrate be 
in excess, and tngonal crystals if the sodium salt be m excess D. J Hissmk tried 
to find a second modification of sodium mtrate between —50° and 270° , P W Bridg- 
man also sought for the suspected second modification of sodium nitrate between 
20° and 200°, and 1 and 12,000 kgrms per sq. cm press. Negative results weie 
obtained ; it is assumed by analogy with silver mtrate that the second modification 
will be stable at a low temp at atm. press , and the transition temp, will fall with 
rising press R W G Wyckofi found the X-radiogram of trigonal sodium nitrate 
corresponded with a body-centred lattice containing two mols. of NaNOg. The 
marshalling of the atoms m the crystal as a whole resembles that within a crystal 
of sodium chlonde with N0 3 -groups replacing the Cl-atoms of NaCl, The length 
of the side of the unit rhomhohedion is 6 065 Xl0 -8 cm., and the angle between 
the axes 47° 14' 

It is interesting to watch the crystalkzation of a drop of a slightly super- 
saturated, warm soln of potassium mtxate on a glasB slip under the microscope. 
Crystallization starts at the edges Here, rhombohedral crystalline 17 plates (left, 
Fig 78) axe first formed with axial ratios • a : b . c=0*6910 : 1 : 0*7011 ; these are 
quickly followed by needle-like rhombic crystals. As a matter of fact, both 
forms of crystals appear m the photograph (left, Pig 78). Immediately the 
rhombohedral crystals touch the rhombic crystals, the former lose their sharp 
outlines, and needle-like rhombic crystals sprout forth on all sides. Hence, as 
M. L. Frankenheim 18 showed in 1837, potassium mtrate is dimorphous The 
rhombic crystals are unstable above, and stable below, 129° , and, conversely, the 
rhombohedral crystals are stable above, and unstable below, 129°. Hence, 129° is 
a transition temp. 

120 ° 

Potas* nitrate Zombie “ Potas. nitr&terkombohodrui 

The reported values for the transition point vary from the 126° of F. Wallerant 
to the 130° of M Bellati and E Romanes© The rhombohedral crystals which 
are stable above 129°, appear in two forms ■ a-KN0 3 separates from the molten 
flux on cooling m strongly negative doubly refracting rhombohedra, and, if 
undercooled to 114°, below the transition point into the rhombic form, they 
suffer an abrupt increase in their double refraction, and pass into the ^-variety, 
which consists of crystals with one optic axis parallel to that of the a-rhom- 
bohedral form The crystals of potassium and sodium nitrates separate inde- 
pendently from a mixed aq. soln , and the hexagonal crystals of sodium nitrate 
which separate contain but a fraction of a per cent, of the potassium salt, and the 
rhombic crystals of potassium nitrate, a fraction of a per cent, of the sodium salt 
D. J Hissink says that mixed crystals separate from a molten mixture with less 
than 24 and more than 85 per cent, of potassium nitrate ; he also observed a lowering 
of the transition point from the rhombohedral to the rhombic crystals in the presence 
of sodium nitrate, so that with six per cent, of the sodium salt no transformation 



810 


INORGANIC AND THEORETICAL CHEMISTRY 

occurs, There may be an intermixture of crystals of the rhombohedral salt which, 
says P. Groth, is not a true lsomorphous mixture. 

P W. Bridgman gave the equilibrium diagram shown in Pig 77 for the poly- 
morphic forms of potassium mtrate ; and the various transition temp shown in 
Table LYII axe selected from his values For the triple point Il-III-IY, at 21 3° 
and 2930 kgrms per sq cm press., the change in vol. from II-III is 0 01560 ; TII-IV, 
0 02840 ; and II-IV, 0 04400 c c. per grm , and the corresponding latent heats 
are 0 533, 2 166, and 1 613 kgnn -m per grm For the triple point I— II— III, at 

128 3° and 115 k -grm per sq. cm press., the change 
in vol. from I-III is 0 01420 ; II-III, 0 00886 ; and 
l-II, 0 00534 c o per grm , while the corresponding 
latent heats are 2 631, 1 778, and 4 409 No other 
forms were observed between 20° and 200° up to 
12,000 kgrms per sq cm press. 

Rubidium mtrate forms rhombic bipyramidal 
(pseudo-hexagonal) crystals with axial ratios a‘b:c 
=1 7366 : 1 : 0 7108, which were formerly thought 
to be hexagonal 19 Similar remarks apply to osesium 
mtrate. Rubidium mtrate is tnmorphous, csBSium 
mtrate dimorphous The crystals of rubidium 
nitrate have a feeble positive double refraction, 
and, according to W Schwarz, pass at 161 '4° 
into a singly refracting variety belongmg to the cubic system, and which, at 219°, 
pass into another negative doubly refracting variety which is stable up to the m p 
Caesium mtrate does not give the negatively doubly refracting variety, but after 
solidification, this salt is singly refracting and cubic down to 161°, when it passes 
into thepseudo-hexagonal form with a feeble positive double refraction. 

F. Wallerant found that when mixed crystals are formed with increasing pro- 

! >ortions of rubidium mtrate, the transformation pomt of osesium mtrate was 
owered from 161°, until, with 75 per cent of RbNQ 3 , it reaches 145° ; the transition 
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Fig 77 — Effect of Pressure on 
the Transition Temperature 
of Potassium Nitrate (Dia- 
grammatic) 


Table LVII — The Effect of Pressure on the Transition Temperatures of 

Potassium Nitrate 


Press 

Transition temp. 

Changes in vol c o 
per grm 

Latent heat kgrra m 
per grm 


i 

125 8° 

0 01424 


I-HI 

2000 

167 7° 

0 01370 



4000 

207 9° 

0 01354 

3 264 

I-II 

1 

127 7° 


4 95 

! 

510 

120 0° 

0*01050 

1*867 

n-m< 

2350 

60 0° 

0 01480 

■n 


2955 

20 0° 

0 01560 



2665 

0° 

0 04470 


n-rv 

6000 

96 8° 

0 02080 

3 ‘543 


9000 

214 5° 

0*02500 

2*936 


pomt then nses with increasing proportions of rubidi um mtrate, Rubidium nitrate 
forms with potassium mtrate mixed orystals resembling the latter unless the soln. 
contains over RbNOs ‘ KNOg=6 * 3, when the crystals arc pseudo-hexagonal 
F Wallerant has studied the formation of mixed crystals of caesium or rubidium 
nitrate with potassium mtrate by melting the two salts together T. V Barker 
failed to obtain parallel growths of the rhombohedral modification of potassium 
nitrate on calcite, although he obtained the rhombohedral form of the mtrate from 
crystallizing dropB of a soln of the salt. When the growth of the rhombohodra 
has gone on fur some time, the crystals rapidly pass into a crystalline aggregate 
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of the stable rhombic form P W Bridgman represented the effect Qf press , 
expressed m atm., on the transition point of mbidium mtrate by Pig 79, and 



Fig 78 — Potassium Nitrate (left) and Sodium Nitrate (right) Crystals 


on csesium nitrate by Pig 80, and by data from which Table LVIII is selected. 
No other forms were observed with press, up to 12,000 kgims per sq. cm. between 
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Fig 70. — Effeot of Pressure on 
the Transition Temperature 
of Rubidium Nitrate 
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Fig. 80.— Effect of Pressure on 
the Transition Temperature 
of Caesium Nitrate 


20° and 200°. The phases which are analogous are numbered alike in the phase 
diagrams of rubidium and caesium nitrates, Pigs 79 and 80 The crystallolumm- 
escence of potassium nitrate has been studied by E Bandrowsky 


Table LVIII — The Epfbot op Pressure on the Transition Temperatures op 
Rubidium and Caesium Nitrates 


Press 

Rubidium nitrate 

Cfflsium nitrate. 

Transition 

tomp 

Change of vol 
c.o per grm. 

Latent heat 
kgrm, m 
per grm 

Transition 

temp. 

Change of vol 
o c per grm. 

Latent heat 
kgrm m. 
per grm. 

1 

104 4° 

0 00688 

3 04 

163 7° 

0 00406 

1*820 

1000 

174 1° 

0 00646 

3 03 

163 1° 

0 00387 

1 776 

4000 

201 4° 

0 00618 

2 80 

190 1° 

0 00334 

| l‘G44 

6000 

218 6‘ 

0 00434 

2*63 

207 1° 

0 00208 

1*646 


The specific gravity of anhydrous lithium nitrate is 2 334 (17 5°), accordmg to 
P Kiemers , 20 and 2 442 (115°), according to L Troost Pot sodium mtrate, 
values ranging from 2 09 to 2 29 have been published , the older values are too low— 
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F L Haigh give 2*266 (20°) , J. W. Retgers, 2*265 (15°). According to R. Lorenz, a 
cubic centimetre of the molten salt weighs 2 12 — 0 00070 gnns. at a temp. 0° between 
320° and 51^° G Quincke gives the sp gr 2 26 at 0°, 1 878 at the m,p , and 
1*84 at 350°. For potassium nitrate numbers ranging from 2*086 to 2 143 have 
been published In 1690, R. Boyle gave 1*900. The more recent values are 2 109 
(16°) by J W. Retgers, 2 109 (20°) by F. L. Haigh M Bellati and L Fmazzi 
give 21104 (0°), 2 1037 (17 25°), 2 0949 (40*05°), 2*0784 (77 20°), 2 0607 (114 5°), 

2 0330 (130 6°), and 2 0199 (154 4°). J. W. Retgers obtained 3 131 for rubidium 
nitrate; and T W. Richards and E H Archibald, 3*687 for caesium nitrate. 
The following may be taken as the best representative values ; those for the 
rubidium and crosium salts are by F. L. Haigh : 

IaNO a NaNO a KNO Bt>N0 8 C*NO, 

Sp gr. ... 2*388 2*207 2 10 3*112 3*043 

Mol vol. . . . 28*8 41*9 48*5 47*1 62 8 

F. M Jager’s values for the sp. gr of the molten alkali nitrates are indicated m 
Table LIX ; for lithium nitrate at 0°, the sp. gr D, water at 4° unity, is 
Z) =1*755—0 000546(0—300) ; sodium nitrate, D= 1 914-0*0006719(0—300) ; 
potassium nitrate, 19=1*898—0 0007652(0—300); rubidium nitrate, 
D=2*492— 0*000972(0— 300) ; and osesium nitrate, D=2 824— 0 001114(0— 400). 
R. Lorenz and co-workers gave for fused potassium nitrate, Z)=2*044— 0 0060, 
and for fused sodium mtTate, D= 2 12— 0*00070. 0 Sandonnim studied tho sp. 

gr of mixtures of sodium and potassium nitrates. 

According to W. C. Rontgen and J. Schneider, 21 the mol compressibility of 
soln. of the alkali nitrates with a molecule of the salt per 700 and 1500 mols of 
water is : 

BCSTO* NH 4 N0 s UNO, KNO a NaNO a 

700H B O . . 0 981 0 964 0 934 0 930 0 922 

1500H b O . . 0 968 0 908 0*870 0 863 0 853 

The capillary constant 22 of molten sodium nitrate, a 2 =8*55 sq mm.; and of 
potassium nitrate, a 2 =8 35 sq mm The surface tension of sodium mtTate is 
78 8 dynes per sq. cm , and of potassium nitrate 69 8 dynes per cm. The change 
of the capillary rise of molten potassium and sodium nitrates, or the vanation of 
the moL surface energy with temp,, led J F. Bottomloy to assume that in the 
molten Btate, the molecules of these salts form complexes containing nine ox ten 
simple molecules — (KN0 8 )9_io or (NaNO s ) 9 _io The compressibilities of aq 
soln of lithium, sodium, and potassium nitrates of different cone, have been measured 
by W. C. Rontgen and J. Schneider, and F. Pohl , of sodium nitrate by H. Gilbault. 
F. M. Jager’s values for the surface tension (dynes per cm ), sp. gr., and mol surface 
energy (ergs, per sq cm.) are indicated m Table LIX. T. Martini, and G Wertheim 

Table LIX. — Specific Gravities and Surface Tension op Molten Alkali Nitrates, 


Temp. 

Surface tension. 

Sp. gr. 

Surface energy. 

Temp, ooeff, per degree. 

T , wr . f 358 5 0 
LiNO, jg 0 g 40 

1115 

1*723 

1304*5 

0*45 

9 6 2 

1 580 

1189*4 

0*45 

nsno,{^ 2 6 : 

1X9-7 


1608*0 

0*24 

93*7 


1313*3 

0*81 

{«!V 

110-4 

1 837 

1697 

0*52 

80 2 

1 637 

1307 

0*85 

RbNO i 32 ®‘ 5 ° 


2 467 

1643*4 

0*78 


77 7 


1331*8 

0*78 

CflNO 

UJjNUj ^ 686 4 o 

91 8 

2*790 

1534 4 

0*42 

72*5 

2*505 

1321*0 

0 42 


have measured the velocity of sound m soln. of sodium and potassium carbonate. 
The viscosity of molten sodium nitrate 22 at 308° is 0 02909 ; 356°, 0 02284 ; at 
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406°, 0-01780 ; and at 495°, 0 01321 ; for potassium nitrate, at 333°, 0 02970 ; 
at 393°, 0 02216 , and at 506°, 0 01344 According to G. E. Fawsifct, at the eutectio 
temp, of a mixture of potassium and sodium nitrates, the viscosity is a maximum. 
P B Davis and H. I Johnson have studied the viscosity of soln. of the alkali 
nitrates in formamide, ethyl alcohol, and m glycerol 

S Arrhenius, K Mutzel, and R Reyher found the viscosity of N-, IN-, £N~, 
and £N-soln of sodium nitrate to be respectively 1 0655, 1*0259, 1 0122, and 1 0069, 
and fox soln of potassium nitrate, at 21°, respectively 0 9758, 0 9822, 0*9870, and 
0 9921 (water nmty) According to J. D R Scheffer, 24 the coefficient of diffusion 
of 1 '25 6N- and 0 220 N- soln of potassium nitrate at 25° is 0*57 and 0*62 respectively ; 
and for 1 375N- and O*122#-soln at 13°, respectively 0 77 and 0'90 For potassium 
nitrate, at 17 6, J Thovert found with 3 9iV- and 0 02#-soln. diffusion coeff of 
0 89 and 1 28 eq cm per day respectively 

The melting point of lithium nitrate, according to T. Carnelley, 26 is 267°, and 
acoording to H. B. Carveth, 253°. For sodium nitrate numbers ranging from 
R Lorenz and his co-workers’ 310° to H B Carveth’s 318° have been reported 
For potassium nitrate, the numbers range from 334 5° to 246 3°. H W B Booze- 
boom gives 334° According to F. L Haigh, rubidium nitrate melts at 313° ; 
and caesium nitrate at 407° ; T. W. Richards and E H. Archibald give 414°. 
The following are representative values : 

LlNO a N&NO a K1T0 3 KbX0 3 CslT0 3 

Mp. . . 261° 306 8° 334*5° 313° 414° 


It will be observed that the m.p of rubidium nitrate is lower than that of potassium 
nitrate, while that of ceesmrn nitrate is higher. This is an unusual sequence m the 
properties of the alkali salts — see the 
solubilities for another irregularity. 

H. R. Carveth found a eutectic with 
54 5 per cent of KN0 3 and 45 5 per 
cent, of NaNO s , at 218° ; with 66 
per cent, of KhTOg and 34 per cent, of 
LiNO s at 129° ; and with 53 per cent, 
of NaNOg and 47 per cent, of L1NO3 
at 204° H. B Carveth also studied 
the fusion point curves of ternary 
mixtures of lithium, sodium, and 
potassium nitrates. These three salts 
form homogeneous soln , and there 
is no sign of the formation of solid 
boIel., mixed crystals, or double salts 
The fusion points of binary mixtures 
of those salts are represented by 
points on the boundary lines of the triangle, Fig. 81 ; the pure salts by the apices 
of the triangle, and ternary mixtures by points inside the triangle. The binary 
eutectics are represented by A, B , and G , and, in accord with A. 0. van Rijn 
van Alkemade’s theorem, for systems of this type : In passing from the hinaiy 
eutectic to the ternary eutectic there is a fall of temperatures, is illustrated by the fact 
that the three binary eutectic temp, are 218°, 129°, and 204°, while the ternary 
eutectio temp, is nearly 119°. F Guthrie has also studied the ternary system : 
NaNOa — KNO g — Pb(N0 3 ) 2 , and the ternary system : KJSTOg — KC1 — H 2 0 ; A. W C. 
Menzies and N. N Dutt, the ternary system KNOg — NaNO s — Ca(N0 3 ) 2 ; and 
W. D, Harldns and G. L. Clark, of KN0 3 — NaNOg— Ba(N0 8 ) 2 ; and KN0 8 — 



LiN 0 8 — Ba(N0 a ) 2 . 

M. Bellati and L Fmazzi give 0*000191 for the coefficient of cubical ex- 
pansion of solid potassium nitrate at 20°, and between 6*8° and 121 9°, 
t/=:fl 0 (l-K> OOO1810-J-O‘OOOOOO2560 2 } and between 330*5° and 154*4°, 
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t?=u 0 (l +0 03028060) The coefl. of thermal expansion (cubical) of aq soln, 
of lithium nitrate, according to C Forch, for soln with 34 B grms per litre 
0 000070 (0°-5°), 0 000127 (6°-10°), and 0 000392 (35°-40°) , for soln with 69 grms 
of salt per litre these numbers are respectively 0 000145 (0°-5°), 0 000190 (5°-10°), 
and 0 000412 (35°-40°) and for soln with 138 grms. per litre, 0 000261 (0°-5°), 
0 000289 (5°-10°), and 0 000449 (34°-40°) For soln of sodium nitrate with 
42‘5 grms. per litre 0 000114 (0°-5°), 0 000169 (5°-10°), and 0 000416 (35°-40°) ; 
for soln with 85 grms per litre, 0 000204 (0°-5°), 0 000253 (5°-10°), and 0 000446 
(35°-45°) , and for soln with 170 grms per htre, 0 000349 (0°-5°), 0 000372 (5°-10°), 
0 000507 (35°-45°). Similarly, for soln of potassium nitrate with 45 5 grms per 
litre, 0 000099 (0°-5°), 0 000155 (5°-10°), and 0 000407 (35°-40°) ; and for soln, 
with 91 grms per litre, 0 000183 (0°-5°), 0 000223 (5°-10°), and 0 000430 (35M0°) 
F. L. Haigh gives for the expansion of soln of the alkali nitrates when the expansion 
at 20° is the standard of reference : 





LiN0 8 

XHpTOg 

HaN0 3 

kno 3 

RbNO s 

OsNO a 

20°-0° 



. — 42 1 

— 43 J 

— 62 4 

— 48 2 

-49 5 

— 

20°-10° 



. —25 3 

— 25 7 

—31 0 

-28-3 

— 29 0 



20°-30° 



. 33*4 

34 4 

38 4 

35 5 

36 0 

30 1 

20°-40 a 



. 73*1 

72*1 

82 9 

78 8 

78 9 

79 5 

20°-50° 



. 118 6 

120 2 

132 0 

127*2 

127 4 

127 7 


G Jager 20 gives the heat conductivity of 20 and 44 per cent sodium nitrate soln 
as 94 9 with 90 4 respectively — silver unity — and for 10 and 20 per cent. soln. of 
potassium nitrate, 97 2 and 92 2 respectively. According to C, 0 Person, the latent 
heat of fusion of sodium nitrate is 5 355 Cals, per mol. at 310 5° ; and of potassium 
nitrate 4 79 Cals, per mol. at 339°. K. M Goodwin and H T Kalnms 5 value for 
potassium nitrate is 2 57 cals at 333°. According to M Bellati and R. Romanese, 
the heat of transition from the rhombohedral to the rhombic form is 11 89 cals , 
P. W. Bndgman, 11 6 cals — vide sufra . 

According to J. H. Schuller, 27 the specific heat of sodium nitrate is 0 2650 
between 27° and 59° ; according to H V. Regnault, 0 2782 between 41° and 98° ; 
according to 0. 0 Person, 0 41 between 320° and 430° ; and, according to K. M. Good- 
win and H. T. Kalmus, 0*388 between 235° and 333°, and 0 430 between 333° and 
367°. For potassium nitrate, H. Kopp’s value is 0 232 between 14° and 45°, 
H. V Regnault’s, 0 2388 between 13° and 98° ; K. M. Goodwin and H. T. Kalmus*, 
0*292 between 240° and 308°, and 0*333 between 308° and 411° , and C. 0. Person’s 
value for the molten salt between 350° and 435°, is 0 3319. The sp. ht of aq. soln, 
of sodium nitrate in 10 mols of water is 0 076 ; in 50 mols. of water, 0*918 , and 
in 200 mols of water, 0 975, at 18° Similarly, for soln of potassium nitrate with 
25 mols of water, the sp, ht is 0*832 ; with 50 mols of water, 0*901 ; and with 
200 mols of water, 0*966. 

The heat of formation of lithium nitrate, LiN0 8 , from its elements is 111*4 
Cals ; 28 sodium nitrate, 111*25 to 110*7 Cals. , for potassium nitrate, 119 to 
119 5 Cals The heat of solution of hthium nitrate is, according to J Thomsen, 
LiN0 3 +aq, 0 3 CaL ; and of sodium rutrat® in 200 mols. of water, —5*03 Cals ; 
M. Berthelot gives for the same salt with 235-470 mols, of water at 10°-15°, —4*7 
Cals , and F. L Haigh, —4*878 Cals. According to J. Thomsen, the heat of soln. 
of a mol. of potassium nitrate in 200 mols. of water is —8*52 Cals., and, according 
to M. Berthelot, —8*3 Cals, when m 280-560 mols. of water at 10°-15°. G. Staub, 
R. Scholia, and E. F. von Stakelberg have also measured the heat of soln Q of 
potassium nitrate m water, and the latter gives for the decrease in the value of 
Q for n mol of the salt m 100 grms of water at 0°, <3=9550 — 1500ft cals.; and at 
15°, <3=9100— 1337*5ft+143*8ft 2 cals. N. Galitzky has also studied the influence 
of alcohol on the heat of soln of potassium nitrate in water, and found that a greater 
cooling occurs with alcoholic soln than with water, the maximum occurs with 
between 20 and 30 parts alcohol for 100 of water S. U. Pickermg found the heat 
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of soln. of kbhium nitrate m alcohol to be 4 66 Cals, 
are : 


The best representative values 


Heat of soln. 


IaNOg 

0 439 


NaN0 3 
— 4 878 


0 4 

-6 261 


KNOg 

— 8 374 


UbNO, 
— 8 780 


CsNO s 
— 9 603 


i 

s 


F R Pratt has investigated the heat of dilution of potassium and sodium nitrates 
J Thomsen gives the heat of neutralization : HN0 8 +K0Haq=:27 54 Cals , and 
according to M Berthelot, when all axe solid : HN0 8 +K0H=KN0 8 4-H 2 0+42 2 
Cals 

The solubility of the alkali nitrates —The alkali nitrates are all very soluble 
m water , lithium nitrate is peculiar in forming a number of hydrates, and m this 
respect it is related more with the alkaline earthB than with the alkali family 
P. Kremers 20 first noted the formation of a hydrate by this salt. Rhombohedral 
crystals were formed above 10°, crystalline needleB 
below , the former were considered to be anhydrous, 
the latter a 2J~aquo-salt L Troost also confirmed 
P. Kremer’s observations, and D. B Dott showed, in 
1893, that P. Kxemer’s 2 J-hydrated salt is more probably 
a tn-hydrated salt, LihTOg 3H 2 0 The solubility data for 
lithium nitrate determined by P Kremers do not agree 
very well with those of F G Donnan and B 0 Burt, 
probably because the earlier workers on the solubility of 
salts did not pay sufficient attention to securing complete 
saturation, and a constant temp Tnhydrated lithium 
nitrate, LiNOg 3H 2 0, crystallizes from aq soln. at a 
temp below 29 6°; above 29 6° and below 61T°, hemi- 
hydrated lithium nitrate, LdSr0 3 ,£H 2 0, is formed; and above 61 1°, the anhydrous 
salt is the stable solid phase The solubility of lithium nitrate is expressed as 
grams of LiN0 3 per 100 grins of soln : 

Temp . . 0 1° 19 05° 29 97° 29 64° 43 6° 60 0° 64 2° 70 0° 

Solubility . . 34 8 40 4 66*42 67 48 60 08 63 6 64*9 66 ] 
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Fra 82 — Solubility Curve 
of Lithium Nitiate 


Solid phase 
Transition point 


LiNOg 3H a O 


29 6° 


LiNOg iH a O 


LiNO. 


01 * 1 ° 


The cryohydxio or eutectic temp of the trihydrated salt is —17 8°, and the observed 
results are plotted in Fig 82 The tnhydrated salt melts at B , Fig. 82, the congruent 
m p 29*88°, at which temp, the crystalline tnhydrated salt can be in equilibrium 
with two different Bat soln., one containing a larger and the other a smaller pro- 
portion of water than corresponds with L1NO3 3H 2 0. The transition point O of 
the trihydrated to the hemihydrated salt, 29 6°, is a little below the congruent 
m p. of the trihydrated salt. 

The solubilities of the other alkali nitrates m grams per 100 gnns. of soln , are : 

120 ° 

68 6 

83 1 (125°) 

86 1 (118 3°) 

68 8 (106 2°) 

udium, and caesium nitrates represent 
the b p of sat. soln. at nearly normal press , for sodium nitiate the corresponding 
value is 67 6 (119°). Determinations of the solubility of sodium nitrate have been 
made by G, J Mulder, Earl of Berkeley, A Ditto, L. Maumen6, A. ifitard, eto.s° 
The solubility curve of sodium nitrate has been carried upwards • 78 1 (180°), 
83*5 (220°), 91 5 (225°), and 100 (313°), the last-named temp, represents the m.p, 
of the salt. According to L C de Coppet, the eutectic or cxyohydxic temp of 
sodium nitrate is —18 5°, and the eutectic mixture is not a definite hydrate, 
NaNOg 7H 2 0, as A Ditte once supposed. A Stard represents the solubility S 




0° 

20° 

40° 

60° 

80° 

100° 

NaN0 3 

4 

. 42 2 

48 7 

60*6 

64*9 

5&*7 

64 3 

KNOg 

• 

. 11 7 

24 0 

39 0 

62 0 

62 8 

71*1 

RbNOg 

• 

• 16 3 

34 6 

63 9 

60 7 

76 6 

81 9 

CsN0 3 

* 

. 8 64 

18 7 

32 1 

46 6 

67 3 

66 3 

The terminal 

numbers with potassium, rubidium, and 

caesium 
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at a temp 0°, between —15° and 64°, by £=36 0+0 27840 , and between 64* 
and 313°, by £=58 0+0*16860 The solubility data for potassium nitrate by 
G J Mulder, J. L Andxeae, A Gerardm, A iStard, H Euler, H Ost, A. Kohler, 
W A. Tilden and W A Shenstone, Earl of Berkeley, L Tschugaeff and W Chlopin, 
etc., are available For the solubility £ of potassium nitrate at 0° between —10° 
and 69°, A iStard gives £=170+0 71180 ; between 69° and 125°, £=69*0+0 3750 ; 
and between 125° and 338°, £=80+0 09380 From 0 ° to 100°, H Kopp gives 
8=13*32+0 57380+0 O171680 2 +O 000003597703 ; and A. E Nordenskjold— log £ 
=0*8765+0 0020030— O*OOOO77170 2 . Other formulae have been proposed by 
J. L. Andreae, etc. According to M. L. Frankenheim, the rhombohedral form of 
potassium nitrate is more soluble than the prismatic variety, and more readily 
forms under-cooled soln The data foT rubidium and caesium nitrates are by the 
Earl of Berkeley It will be observed that as m the case of the m p. of the alkali 
nitrates the regular sequence is broken with rubidium nitrate, for its solubility 
is greater than that of potassium nitrate, while that of caesium nitrate is less 

The general effect of salts with a like ion is to depress the solubility of a nitrate • 
this is the case with mixtures of potassium and sodium nitrates examined by 
T Carnelley and A Thomson, and W W J. Nicol ; 31 with sodium nitrate and 
sodium hydroxide examined by R. Engel. J N Bronsted examined the effect 
of potassium hydroxide on the solubility of potassium nitrate. According to 
S. Tanatar, when an alkaline soln of sodium nitrate is treated with hydrogen 
peroxide, and after evaporation at 50° until crystallization begms, treated with 
alcohol, crystals of a salt, sodium peroxynitrate, NaN0 3 H 2 0 2 8H 2 0, are 
formed. Potassium nitrate, carbonate, and hydro carbonate were examined by 
C Touren; sodium, potassium, and ammonium nitrates by A. Wmkelmann , 32 
F. Rudoxff, and 0. J. B. Karsten. Mixed crystals are formed with potassium 
nitrate and silver or thallium nitrate, and the solubility of the alkali nitrate 
increases with increasing proportions of the other salts 33 A iStard 34 has 
studied the effect of sodium chloride on the solubility of potassium nitrate m 
water. W. Meyerhoffer 86 has studied tho reversible reaction between sodium or 
potassium nitrate and ammonium chloride , and F. Rudoxff with potassium nitrate 
and ammonium sulphate. 

Analyses of the mineral darapahUe , by A. Dietze,* 6 agree with Na a SO 4 ,NaNO 0 H,0, 
lydrated sodium nltratosulphate. It occurs m the Pampa del Toro (Atacama, Chili) in 
jnonoclinio prisms with axial ratios a • 6 c=l 6268 1 : 0 7614 ; /?=*>! 02° 66' ; and sp gr. 
2 203. J. C. Q-. de Mangnac made artificial crystals of sp. gr 21*07 by evaporating mixed 
soln, of the two salts ; he thought his crystals had l£H a O, but A. von Schulten showed 
that they are identical with darapskite. The composition of the so-called nitroglaubeiite 
corresponds with a tnhydrated sodium trlnitrato-sulphate, 2Na B S0 4 GNaJST O a 3H 2 0, but whether 
it is a mixture or true chemical individual is not clear. It is found in the nitre deposits 
of Villanueva, Atacama. Analyses of some samples have half the above quantity of 
water 37 Artificial crystals have been made A. Massink sturhed the ternary system 
K a S0 4 — KKO,—H a O at S5 n ; the ternary system Li,S0 4 — LiN0 3 — H a O at 26° and 36°, 
andN&jSO* — -NaNO* — H fi O at 10°, 20°, 26°, 30°, 34°, and 36°. He found the double salts 
htbium nitrato-sulphate, 9Li s S 0 4 LiN0j.27H,O and llLi a S0 4 LiNO-j.lTHjO, exist at 36° 
but not at 26°; sodium nitrato -sulphate, NaN0 3 N&iS0 4 .H a O # docs not exist below 12*8°, 
3NaH0,.4N'a 2 S0 4 is stable between 20° and 36°; and 3Na^O a .2Na,SO*. between 30° 
and 36° 

Sodium and potassium nitrates are soluble in liquid ammoma , z 8 and the soln. 
are good electrical conductors. According to F M. Raoult, the dry salts absorb 
no ammonia, but a cone, soln of sodium nitrate dissolves as much, ammonia as an 
equal volume of water, and a cone. soln. of potassium nitrate, more ammonia than 
water. R Abegg and H, Riesenfeld found the tension of J#-, and 1 * 5 #- soln. 
of potassium nitrate in #-soIn of ammonia at 25°, had vap press. 14*59, 15*61, 
and 16 75 mm respectively, when the A-ammonia alone had a vap press, of 13*45 
mm. E. Ephraim prepared lithium t etrammin o-nitiate, L 1 NO 3 . 4 NH 3 , as a syrup 
more stable than the corresponding tetrammmo-chloTide The electrical con- 
ductivities and the lowering of the tp. of ' soln. of potassium nitrate 89 in soln. 
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ol liquid hydrogen cyanide, show that the salt is ionized even more than in water, 
a fact thought to be explained by the high dielectric constant of the solvent. 
Aooordmg to C G Gmelm, 40 lithium nitrate is soluble m cone ethyl alcohol ; solu- 
bility data for sodium nitrate in ethyl alcohol have been given by J. J Pohl, 
G C. Witt stein, A E Taylor, H. A. Bathrick, and G Bodlander , and for potassium 
nitrate by A G&raxdm, G Bodlander, and H A. Bathnck The results can be 
represented by a general formula of the type (a;+a)(y+6) w =oonstant, or (x+a)y n 
=oonstant, where a , h, and n are constants, n is independent of the temp , and 
a and h vary with temp ; x represents the solubihty of the salt, and y the amount 
of alcohol (or acetone) in grins per 100 gxms of water. According to 

O. A. L. de Bruyn, 100 grms of absolute methyl alcohol at 25° dissolve 0 41 grm 

of sodium nitrate, and 100 grms of ethyl alcohol at 25° dissolve 0 036 grm. 
of the same salt. According to A E. Taylor, at 30°, for alcohol of different per- 
centage amounts p of C 2 H 6 0H, 100 grms. of soln. dissolve in w grms of NaNO s 
at 30° 33 = 5 , w=46*41 , p=10, w— 43*50 ; p=30, w=31 31 ; 33 = 60 , w = 18 94 , 

p=70, w=7 81 , 33 = 90, w=l 21 Similarly, for potassium nitrate, for 100 grms of 
aq. alcohol with p per cent of C 2 H 6 OH at 30° . 33=8 25, 10 = 32 3 , p= 17, tv=22 4 ; 
p=li 9, tv=7 0 , 33 = 66 , w=2 7 ; 33 = 88 , w = 0 4. A Gkrardin also Bhowed that the 
solubility in alcohol rises with temp, from 17 grms of salt per 100 grms of 6*5 
per cent, alcohol at 10° to 93 grmB. of salt at 60° ; and with 90 per cent, alcohol, 
gramO 2 at 10° to 1*1 at 60°. The ternary systems alcohol — watei — salt have been 
studied by G. Bodlander, A E Taylor, and H. A. Bathnck. According to A. Schlamp, 
potassium nitrate is insoluble m propyl alcohol. The solubility of sodium or 
potassium nitrate m aq. acetone has been studied by A E Taylor, and H. A Bathrick. 
100 grms. of a 16 8 per cent, soln of acetone dissolve 78*3 grms of sodium nitrate, 
and 38 9 grms of potassium nitrate ; similarly, 44 1 per cent. acetone dissolves 
46 2 grms of sodium nitrate, and 17 0 grms of potassium nitrate ; and 87 6 per 
cent acetone, 3 2 grms of sodium nitrate, and 0 7 grm. of potassium nitrate. 
According to A. Kohler, 100 grms of a sat soln. contam 61 36 grms. of sugar and 
11 46 grms. of potassium nitrate, at 31*26°. According to A. Vogel, 100 parts of 
glycerol , sp gr 1 226, dissolve 10 parts of potassium nitrate. 

The specific gravities of aqueous solutions of lithium nitrate at 19*6°, by 

P. Kremers 41 are 1*069 for a eoln of 12 7 grms. of the salt per 100 grms. of water, 
and 1*197 for 41 8 grms , 1*319 for 79*4 grins. P. Kremers, H. Schiff, and others 
have measured the sp. gr. of soln. of sodium nitrate H Schiff gives at 20*2° : 

Per cent. NaNO s . . 6 10 15 20 30 40 50 

Sp.gr.. . , . 1 033 1*068 1*103 1*142 1 224 1*315 1*418 

G. T, Gerlach gives for soln of potassium nitrate at 16° : 

Percent. KNO s . 1 2 5 10 35 20 21 

Sp.gr. . . 1 00641 1 61283 1 03207 1*06524 1*09977 1*13599 1*14361 

P. L. Haigh gives for the sp. gr, of N- and JiV-soln. of the alkali nitrates, at 20°/4° : 

LLNO a 2STaN0 8 KNO* EbN0 8 OsNO # 

N- soln. . . 1 03803 1 03043 1 05386 1 05954 1*30083 1*14091 

Jtf-soln . . 1*01830 1 01450 1 02646 1 02932 1*04989 1 07001 

S. Lussana found that the temp. 6 of maximum density of 0 65 and 1*30 per cent, 
soln. of potassium nitrate is related with the press p respectively by 
0=2*89 — 0 0133(p— 1), and 0=1 84 — 0 0124(p — 1). The lowering of the vapour 
pressure of aq. soln. of lithium nitrate at different temp, has been measured by 
G. Tammann, and by A T Lincoln and D. Klein 42 at 25°, and the results show 
that the relative lowering of the vap press with increasing cone, increases m 
accord with the assumption that the salt forms hydrates in aq. soln The vap. 
press of aq soln of sodium nitrate have been measured by C. Dietenci, A Smits, 
W. W. J. Nicol, G. Tammann, and by A. T. Lincoln and D. Klein. According to 
VOL. II. 3 Q 



818 


INORGANIC AND THEORETICAL CHEMISTRY 


A Speransky, the vap press p of a sat so]n of sodium nitrate at T° K. can be 
represented by Bertrand’s formula log p= 7 5172+50 log [(Y— 74*8)/Y], The 
mol wt. calculated from the lowering of the vap. press, corresponds with a very 
large percentage ionization, and the decrease which occurs with an increasing cone 
shows that there is a disturbing factor — hydration. Similar remarks apply to the 
results with potassium nitrate soln G Tammann has studied the lowering of the 
vap press of water, at 100°, by soln of the alkali nitrates E. B R. Prideaux 
studied the vap press of soln of sodium and potassium nitrates, and studied the 
deliquescence and drying of these salts 

Anhydrous lithium nitrate is very deliquescent , and sodium nitrate is also 
deliquescent Since the last-named salt becomes damp on exposure to the an 
it cannot he used for some purposes for which potassium mtrate is applicable 
Potassium, rubidium, and csosumi nitrates do not deliquesce under the same 
conditions, although G. J Mulder 43 showed that if potassium nitrate be 
oonfined under a boll- jar over water at 14° to 20°, it does deliquesce , and 
P L Kortnght found the same salt at 20° to deliquesce when the partial press 
of the water vapour exceeds 15*5-16 5 mm., and sodium mtrate when the partial 
press, of the water vapour exceeds 12 3-13 5 mm A salt can be deliquescent only 
when the press of the water vapour from its sat soln exceeds the partial press, 
of the water vapour in the surrounding air. If p 1 be the vap. press of water, p, 
the vap press of a sat soln of the salt containing S grins of salt per 100 grms of 
water, and h he the constant of proportion to be evaluated from the observed data, 
R. Emden has shown that Sk=(p — Pi)/]?) which enables p 1 to be computed from 
the values of p and S The deliquescence press of the water vapour for sodium 
nitrate at 0°, 10°, 20°, and 30° is then 3 6, 6 9, 12*8, and 22 6 mm. respectively, and 
for potassium mtrate, 4*4, 8 7, 16 0, and 28 3 mm respectively 

The boiling point of a sat soln. 44 of lithium nitrate is 200° , sodium mtrate, 
120 2° ; and potassium mtrate, 115 549°. A Smits found a second b p with sat 
soln of sodium mtrate at 310°, and with potassium mtrate at 311°. The mp 
may be regarded as a terminal point on the solubility curve, and smee the curve 
showing the vap press of ’sat soln usually uses with temp , it follows that since 
the non-volatile salt has no vap press at its m p., there must be a maximum m 
the vap press curve If this maximum he greater than the atm presB , so must 
the sat soln have two b.p. A. Smits 45 has studied the bp of soln. of sodium 
nitrate and found the mol. lowering decreases from 0 95° with soln containing 
0*0462 mol per litre to 0 89° with soln containing 0 863 mol. per btre. Similarly, 
with soln. containing 0 0499 and 6 993 mols of potassium mtrate per litre, the 
mob lowering of the h p falls from 1 0° to 0 669°. 

The freezing points of aq soln. of lithium mtrate show that in dll soln. the 
solute is largely ionized, but that m cone soln , the mol lowering of the f.p. is 
gTeatei than corresponds with complete ionization, and this is explained, as in 
analogous cases, hy assuming that the ions of the solute are hydrated Similar 
remarks app]y to the mol. lowering of the f.p. whioh falls from 3 6° to 3*15° m 
passing from soln with 0*0100 to soln. with 1 000 mol per litre. Likewise with 
potassium nitrate, there is a drop from 3 5° to 2*66° m passing from soln. with 0 0100 
to soln with 1 000 mol per litre. According to W Blitz, 46 with rubidium nitrate 
the mol. lowering of the f p falls from 3 6° to 2*64° m passing from soln with a 
cone of 0 0393 to those with a cone of 0 8293 mol per litre. The corresponding 
degrees of ionization axe a=^-0 941 and 0 429 respectively , and W. Ostwald’s 
constant j£=a 2 /(l— a)v simultaneously falls from 0 47 to 0*27, as also occurs with 
other strong electrolytes ; on the contrary, W. Blitz found that soln. of caesium 
nitrate behaved moie like weak electrolytes m that the depressions of the f p 
are 0 028°, 0 460°, and 1 267° with soln containing respectively 0 00706, 0 1421, 
and 0*4339 mol, per litre. The corresponding degrees of ionization are respectively 
a=0 98, 0*75, and 0 578 ; and the values of Ostwald’s constant, 0*33, 0*32, and 
0*34 respectively Lithium and sodium nitrates have a strong negative double 



THE ALKALI METALS 


819 


refraction, that of potassium nitrate is weaker, while rubidium and caesium nitrates 
have a feeble positive double lefraction 47 The refractive indices of sodium nitrate 
for the ordinary co and extraordinary € rays are : 




-E-lino 

jD-line 

E-line 

ff-line 

NaNO„| 

f O) m 

• 1 6793 

1 6863 

1-6964 

1 6260 

€ • 

. 1 3346 

X 3368 

1-3374 

1 3440 


(a • 

. 1 3328 

1 3346 

1-3366 

1*3436 

KNOj • 

\p . 

. 1 4988 

1 6066 

1 6124 

1*6386 


ly 

. 1 4994 

1 6004 

1-6136 

1 5406 


The mdex of refraction of soln. of the alkali nitrates at 20° for sodium light is : 



MOj 

NH 4 NO s 

NaN0 3 

kno 8 

RbliTOa 

CbNOj 

-Af-soln . 

. 1 34123 

1 34251 

1 34174 

1*34182 

1-34268 

1 34492 

JAT- 80 lll . 

. 1*33648 

1 33776 

1 33751 

1 33743 

1 33786 

1 33902 


For rubidium nitrate the refractive indices for the D-line m the direction a is 
approximately 1 51 ; jS, 1 52 , y, 1*524:. J H Gladstone and W. Hibbert 48 give 
for the mol refraction for the D-lme of a 5 12 per cent soln of lithium nitrate, 
17 72 ; and for a 42 18 per cent soln , 17 91 ; for a 44*35 per cent soln. of 
sodium nitrate, 18 53 , and for a 4 76 per cent soln of potassium nitrate, 22 24 ; 
and for a 17*55 per cent soln , 22 26 The magnetic rotations 49 of 18 17, 26 16, 
and 56*56 per cent. soln. of lithium nitrate are respectively 0 9637, 0*9477, and 
0*8661, or the mol rotations are 18*195, 11*799, and 4*068 respectively. The alkali 
nitrates are diamagnetic 50 L. Arons gives the dielectric constant of potassium 
nitrate as 2 56. 

In 1801, H. Davy stated that fused potassium nitrate conducts electricity. 
M Faraday also made observations on this subject The electrical conductivity 
of solid sodium nitrate at 52° is 0 662xl0“ 12 reciprocal ohms; at 200°, 
0176xl0“ 7 ; and at 289°, OlSSxlO --4 ; for the molten salt at 300°, 0*441; 
and at 356°, 0 666 reciprocal ohms. R. Foussereau 51 also found for solid 
potassium nitrate, a conductivity of 0 312xl0~ 12 at 30° , 0 568xlQ“ 10 at 100° ; 
0 106 Xl0“ 6 at 200° , and 0 340X10 -4 reciprocal ohms at 300° For the molten 
salt at 355°, R Foussereau also found 0*7656 reciprocal ohm afc 355°, and 
L Graetz, 0 8631 at 380°. F. M. Jager and B. Kampa measured the molecular 
conductivity, /x, of lithium nitrate at elevated temp and found for temp between 
272 and 487*3°, /x=41‘14— 0 238(5—300) , for sodium initiate between 321*5° 
and 487*3°, jx= 41 *56+0*205(0—300) ; for potassium nitrate between 346 v l° and 
500*4°, 36*21 + 0 1875(0—350) , for rubidium nitrate between 318 8° and 

493°, /x= 33 51+0 145(0—300) ; and for caesium nitrate between 446*6° and 
556 3°, //,= 42*13+0*120(0—300). 0 Sandonnim measured the conductivity of 

fused mixtures of potassium aud sodium nitrates. P. Walden studied the relation 
between the conductivity and viscosity of aq. soln of kthium nitrate, etc. The 
eq electrical conductivities, A, of soln 62 containing a mol. of the nitrate m v 
litres of water at 25°, axe . 


V 
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64 
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. 97 9 
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NaNO a 
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114 7 
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KNO a 
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132 4 

136 4 

139 6 

141*7 

141 8 

RbNO s 



. 1310 

134 4 

137 25 

141 1 

142 3 

143 6 

CsNO a 



. 134 2 

1382 

139 3 

141*9 

144 7 

146 4 


Unlike the results calculated for degrees of ionization from the depressions of the 
f p , the values of Ostwald’s constant computed from the electric conductivities 
ot soln. of rubidium nitrate show marked deviations from constancy and they are 
thus constant with results with other strong electrolytes — the rubidium ion Rb 
and the NO'a-ion are among those with the greatest eleotro-aiEmties. The electrical 
conductivity of lithium mtrate is greater in methyl alcohol than in water, but in 
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mixtures of methyl ox ethyl alcohol and water there is a minimum in the electrical 
conductivity corresponding not with a minimum value m the degree of ionization, 
but with a maximu m value m the viscosity of the solvent. The decomposition 
potential of normal lithium nitrate soln is 2 11 volt 0 Gropp measured the 
effect of temp on the conductivity of liquid and frozen soln of sodium mtrate. 
The temp coeff 68 of 0 OliV-soln of sodium nitrate is 0 0226 between 18° and 
26°, and for potassium nitrate between 18° and 52°, 0 0223 E Horngacker 
studied the products of the electrolysis of soln of potassium nitrate by alternating 
and continuous currents ; and W. Chauffal, likewise, of soln of sodium nitrate. 
The transport numbers 54 of the amon, NO's, m 0*52V- and 47V-Boln of sodium 
mtrate are respectively 0 629 (19°) and 0 600 (9°) ; and with 0 liV-soln of potas- 
sium nitrate 0*497 and 0 487 respectively G. Carrara has measured the transport 
number for hthium nitrate ions A Heydweiller gave respectively 2*72 and 4 99 
for the dielectric constant of powdered and compact potassium mtrate , L Arons 
found 2’ 18 for sodium nitrate, and 2*56 for potassium mtrate 

According to J S Stas, 66 a soln of lithium or potapsium nitrate which has 
been melted, blues red litmus According to J Scobai, potassium mtrate is not 
decomposed at 410° "When, heated to redness, the alkali nitrates first give off 
oxygen, forming the alkali nitrite, MN0 2 , for example, 2KN0 3 =2KN0 2 +0 2 ; 
then a mixture of oxygen and nitrogen is given oE and a mixture of the alkali 
oxide and peroxide is formed. If the operation is conducted m earthen or glass 
vessels, some alkali silicate is formed ; metal vessels are also attacked — silver and 
gold less than platinum 66 Under press , the decomposition is hindered ; thuB, 
C. J B. Karsten claims to have heated potassium mtrate for 15 minutes to a red 
heat in a copper vessel without decomposition According to P Reich and H. Rose, 
the nitrate is decomposed when fused with siliceous materials, forming an alkali 
silicate. When dried and powdered nitre is thrown on red-hot charcoal or when 
powdered charcoal is sprinkled on fused nitre, rapid combustion occurs, possibly : 
4KN03+5C=2K 2 C03+3C02+2N 25 so that one volume of solid nitre will give 
nearly 3000 times its bulk of gas, and it is this fact which renders mtre available 
for use m the manufacture of gunpowder — a mixture of carbon, sulphur, and mtre. 
According to A. Cavazzi, 67 a mixture of nitre with sodium thiosulphate, Na 2 S 2®$, 
is also explosive, so also is a mixture of sodium hypophosphite, NaH 2 P0 2 , and 
mtre a powerful detonator : NaH 2 P0 2 +2NaN03=Na 3 P0 4 +H 2 0+N02+NO 

H Rose says powdered potassium nitrate copiously absorbs the vapours of anhydrous 
sulphuric acid, H 2 S0 4 , to form a pasty mass , and, according to C Sohultz-Scllack, 
potassium mtrate unites with liquid sulphur dioxide, forming a mixture or com- 
pound of the alkali nitrite and sulphate 

According to E Laurent, 68 a soln of sodium nitrate is decomposed in sunlight 
with the evolution of oxygen, while in darkness it is stable Zinc dust reduces a 
soln. of potassium mtrate to the nitrite and hydroxide with the evolution of some 
oxygen , above 60°, only a little nitrite but much nitrogen and a mm onia are 
given off. 69 The copper-zinc couple also reduces soln. of the nitrate, first to nitrite, 
and then to ammonia. Potassium amalgam, stannous chloride, etc , also reduce 
the nitrates m a similar way. 

According to C Schultz, 60 100 grins of nitnc acid, HN0 8 H 2 0, dissolve 0*5 grm. 
of lithium nitrate ; 1*5 grms. of sodium nitrate , or 71 grins of potaB&ium nitTate ; 
rubidium and caesium nitrates also dissolve readily in the acid. According to 
R Engel, when nitric acid is added to a sat. soln. of potassium mtrate, at 0°, each 
mol of HNOg precipitates a mol of the salt until about 30 mols. have been 
displaced, when the solubility of the salt in the acid mcr eases, probably owing to the 
formation of acid nitrates Expressing the cone, of the nitnc acid, HNO3, and 
potassium mtrate in grams per 100 grms of soln., R. Engel found at 0° : 


hno 8 

KNO* 


0 3*71 8*38 13 68 ] 9*47 30*04 42 80 76*96 

12*66 10 02 8 38 7 49 7*49 7*68 10*42 28 64 
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The increased solubility of the potassium nitrate when the oonc. of the acid exceeds 
about 19 47 per cent is attributed to the formation of acid or hydro-nitrates. 

Definite acid nitrates of potassium, rubidium, and caesium have been isolated 
by H. L Wells and E J Metzger, and E Groschuff The Bolubihty curve of 
potassium nitrate expressed in mol. of salt per 100 mols of the soln. of nitric acid 
of sp. gr 1-5, is indicated m Fig 83 Potassium dihydro-mtrate, KKO s 2HN0 8 , 
was prepared by E. Groschuff, by dissolving 101 6 grins of potassium nitrate in 
126*1 grms of mtric acid, sp gT 1*5, and cooling the soln by a freezing mixture. 
Prismatic crystals, melting at 22°, separated out The dihydro-mtrate and the 
normal mtrate form a eutectic, melting at 21° This salt was made by A. Ditte 
m 1879, and by H L. Wells and E J. Metzger m 1901 Potassium hydro-nitrate, 
KNO s HN0 3 , is difficult to make, smce it readily forms supersaturated soln., and 
is very hygroscopic , it is decomposed by water It is obtamed m crystalline plates 
by keeping a supersaturated soln between 22° and 28° for some time It is also 
made by freezing a soln. m a mixture of carbon dioxide and ether, and wanning 
the mass as rapidly as possible to 23°, and holding it there some time Between 
28° and 29° the hydro-nitrate decomposes into the neutral salt and acid soln , while 
the hydro-nitrate is decomposed by water, the dihydro-mtrate dissolves m water 
without decomposition The soln. of these two compounds, as well as others, is 
an mterestmg illustration of the fact that monobasic acids — like nitric and hydro- 
chloric acids — can form acid salts, and that hydrolluonc 
acid does not necessarily owe its remarkable tendency 
to form acid salts to its being dibasic, H 2 E 2 

The mono acid nitrate — rubidium hydro-nitrate, 

EbNOs-HNOg — is prepared m small octohedral crystals 
melting at 62°, by saturating nitric acid of sp gr 1 12 
with the normal nitrate at a gentle heat, and cooling by 
means of a freezing mixture Small octohedral crystals of 
the corresponding ceesium hydro-nitrate, CsNOg HN0 s , 
are obtamed m a similar manner, but a freezing mix- 
ture is not necessary The crystals melt at 100° 

Potassium dihydro-mtrate, KK0 3 2HN0 3 , and likewise 
rubidium diacid nitrate, or rubidium dihydro-nitrate, 

RbN0 3 2HNO a , are obtained, in colourless transparent 
needle-like crystals, melting between 39° and 46°, by dissolving the normal mtrate 
to saturation in mtric acid of sp. gr. 1 50, and cooling, by means of a freezing 
mixture, below 0°. Colourless transparent plates of caesium dihydro-nitrate, 
CsN0 3 2HNO s , melting between 32° and 36°, are obtained m a similar manner. 
All the acid nitrates give off mtric acid more or less readily on exposure to 
air, and rubidium dihydro-mtrate decomposes rapidly Rubidium hydro -mtrate 
and the two caesium salts are more stable. The monoacid salts can be preserved 
indefinitely in sealed tubes The acid mtrate, RbN0 3 2iHN0 3 , reported by 
A Ditte, is probably the impure diacid salt A Ditte’s conclusion is based on an 
analysis of the solution obtained by saturating mtric acid, HNO s , with rubidium 
nitrate. 
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§ 37# Gunpowder 

Of the mischievous composition and diabolical abuse of gunpowder much might bo 
written ; but because the present world taketh delight only m shedding innocent blood, 
and cannot endure that unrighteous things should be reproved, and good things praised, 
therefore it is best to be silent. — J R GiiAUBna (1658) 

If potassium nitrate be mixed with powdered charcoal, and heated, the two 
materials react with explosive violence, forming potassium carbonate, nitrogen, 
and carbon dioxide : 4KN‘03+5C=2K2C03+2N 2 +3G0 2 The volume of the 
gases produced is so much greater than that of the original volume of the mixed 
sohds that if the powder he ignited in a closed space, the expanding gases give the 
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mixture its characteristic propelling, tearing, and splitting powers It was soon 
found that the explosive effect was augmented if the nitre and charcoal he mixed with 
sulphur, so that instead of a residue of solid potassium carbonate a mixture of solid 
potassium sulphide, sulphate, and carbonate was obtained The mixture is called 
gunpowder. The action of the sulphur is : ( 1 ) To lower the temp, of ignition of the 
powder ; since sulphur inflames near 250°, and by its combustion raises the temp 
to the fusion point of saltpetre, 335°. This latter temp, would be near the ignition 
pomt of the powder without sulphur. ( 11 ) The sulphur also increases the speed 
of the combustion 

According to the old theory of the reaction : 4KN0 8 +2S+6C=2K 2 S--|-2N2 
+6C0 2j it follows that the theoretical mixture will contam 404: grins of potassium 
nitrate ; 64 grms of sulphur , and 72 grms of carbon Otherwise expressed, 
75 per cent of nitre ; 12 per cent of sulphur ; and 13 per cent of charcoal This 
very nearly represents the average composition of gunpowder for the standard 
mixture for dried service gunpowder is : nitre, 75 ; charcoal, 15 ; sulphur, 10 — in 
many sporting powders, the proportion of nitre is rather greater than this. 
'With military powder great propulsive force is required , with spotting powder , 
quick ignition and combustion , and with Hasting powder, a large volume of gas 
at a high temp The effectiveness and utility, of black powder depends not only 
on its composition, but also on the intimacy of the admixture of the various com- 
ponents, the density and uniformity of the grams, and the gram-size of the particles. 
The following will give some idea how gunpowder is manufactured : 


The three ingredients are first (I) purified, if necessary , and then (2) ground to powder 
The nitre and sulphur are pulverized together m rotating iron or wooden drums containing 
bronze balls; and then (3) intimately mixed with the desired proportions of charcoal 
previously pulverized The mixing is effected in rotating drums of thick leather containing 
hard-wood balls Various other modes of mixing and pulverizing are also used The 
loose powder so obtained — the green charge — is not used for gunpowder, but it can be used 
m the manufacture of fireworks (4) The powder is then moistened with 10-20 per cent 
of water, and milled in an incorporating mill for a few hours. (5) The mass is then passed 
through a pair of fluted bronze rollers when it forms the so-called mill-cake (6) The 
latter is passed through plain rollers so as to break it into what is called meal . (7) The 

meal is pressed mto cakes under high press — j press-cake — and the product is now gun- 
powder (8) The press-cake is then granulated by pressing it through successive sets of 
gun-metal or bronze fluted rollers, whence it passes through vibrating sieves, where the 
grains are sorted into various grades of approximately uniform size. (9) The gunpowder 
is then slowly rotated in wooden drums, when mere friction imparts to the surface of the 
grains a fine glaze or polish, and at the same time the sharp coiners of the grams are 
rounded off, and the pores closed up With the coarse-gramed powders, a little graphito 
may be added to the charge in the glazing drum (10) The polished powder is dried, and 
“ finished ” m a second rotation m a polishing machine (11) The " finished *’ powder is 
blended by mixing together difEeient proportions of different batches so as to give as 
uniform a quality of gunpowder as possible. 


A V P <T Anton] noticed, 1 in 1765, that the more rarefied the atm, in which 
the powder burns, the more difficult is the ignition, and that the powder melts when 
heated m vacuo. Similar results were obtamed by G. W Munoke (1817). 
J N Hearder (1865) electrically heated a platinum wire in contact with gunpowder 
m vacuo, no explosion occurred, the nitre melted, and sulphur sublimed; but 
B U Bianchi (1862) found that under similar conditions the powder burned slowly 
without deflagration ; and M. Heeren (1886), and E, A. Abel (1869), showed that 
under a press of 150-510 mm the grains m the immediate vicinity of the walls 
of the vessel melted and sulphur sublimed; and, as indicated by B. U Bianchi, 
after a time the grams ignited and scattered the un-igmted powder about the 
exhausted vessel. At a press, of 760 mm the powder inflamed m a few seconds. 
P. Hauksbee (1702) found a cubic centimetre of black gunpowder gave 232 c c of 
gas reduced to standard conditions , B. Robins (1742) found 244 c.c. ; and 
C. J. Bnanchon (1822), 400 c c. J. L Gay Lussac and M E Chevreul are said to 
have first analyzed the gases and solid residue formed during the combustion of 
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gunpowder. J. L Gay Lussac obtained 449 5 litres of gas from 900 grins, or one 
litre of powder. The gas contained approximately : 

CO a CO NO CHh CH^On 

44 3 35 7 4 8 7 7 0 6 7 9 per cent 

The solid residue contained potassium sulphate, carbonate, sulphide, and poly- 
sulphides. 

R. Bunsen and L. Schischkoff, 2 and J. Lrnck examined the products of com- 
bustion under relative low press , and L von K&rolyi, A. Vignotti, N Federofi, 
and B. F Craig under high press The results show that the products of combustion 
differ when the explosion is produced under a low and under a high press Buch as 
must occur when gunpowder is employed as an explosive Under low press , for 
example, potassium sulphate remains, but under high press the sulphate is reduced 
to sulphide % A Noble and F A. xlbel (1874-1880), and H. Debus (1882) made exten- 
sive experiments on the combustion of black powder. The results with pebble 
powder, P, and blasting powder, B, under press are as follows . 

Gaseous products (mean) — P . . 44 01 , and B . . 51*35 per cent. 

CO a CO N 2 H a S 0 a H* H a 

P . . . 26 45 4 69 11 39 1 27 0 07 0 06 

B . . . 22 79 15 22 8 58 3 89 0 70 0 17 

Solid products (mean) — P . . 65 97 , and B . . 48 65 per cent. 

KaCO s X a S0 4 K a S a BLCyS KNO a S O 

P . . . 33 44 6 93 9 67 0*18 0 13 0*06 4 20 — 

B 19*45 0 28 17 45 1 38 0 04 0*84 6 64 0 95 

In some cases free oxygen was observed as was first noted by R Bunsen and 
L. Schischkoff Fme-gramed powders give a smaller proportion of gaseous products 
than coarse-grained powders , and the coarse-grained powders less than pellet 
powders. 

According to H Debus, the combustion of the powder takes place m two con- 
secutive stages . (1) An oxidizing reaction which occupies a very short space of 
time, and which constitutes the explosion. Here potassium sulphate and carbonate, 
carbon dioxide, nitrogen, and possibly also carbon monoxide, are formed — say : 
16KNO 3 +13C+5S=3K 2 0O3+5K 2 S04+9CO 2 +4C0+8N 2 ,somesulphurandcarbon 
are not acted upon (2) A reducing reaction which occurs while the products of 
the first stage are under great presB and at a very high temp and in which some 
potassium sulphate is reduced by carbon : 4K 2 S04+7C=2K 2 003+2K 2 S2+5C0 2> 
and potassium oarbonate by sulphur . 4K 2 CO3+7S==K 2 SO4+3K 2 S 2 +40O 2 A 
little sulphur unites with the metal of the gun, and a little with the hydrogen 
and moisture occluded by the oharcoal. Making a small allowance for this, the 
combustion of service gunpowder can be represented : 16KN0 3 +21C+5S 
=5K 2 C03+K 2 S04+2K 2 S2+13C0 2 -|-3CO+8N2 A gram of powder, therefore, 
gives 264 6 c c of gas at n p t A Noble and F. A. Abe] found 263*74 o o They 
also found the heat of combustion to be 714 5 Cals, per gram of powder. They 
also add : “ The decomposition which an average gunpowder undergoes when 
fixed in a closed space cannot be represented by even a comparatively complicated 
ohemical equation. 5 ' 

The potential energy of an explosive depends on : (1) The volume of gas 
generated — calculated for purposes of comparison purposes at 760 mm. and 0° ; 
and (2) on the temp, developed on explosion, whereby the gases axe expanded 
enormously. A. Noble and F Abel estimate the total work theoretically performahle 
is 332,000 gram-metres per gram, or 486 foot-tons per lb. of powder. 

To caLcidcUe the approximate pressure developed during the explosion of gunpowder in a 
closed vessel — According to the old theoretical equation. 4KN0 3 +2S-|-6C=2K 2 S4-2N i 
+6COj, gunpowder on explosion furnishes 59 per cent, of gas , or one grm of gunpowdor, 
at 0°, and 760 mm press , furnishes 247*3 o c. of carbon dioxide and 79 o.e of nitrogen ; 
in all, 327 c c of gas consisting of 0 49 grm of carbon dioxide , 0 10 grm of nitrogen; 



828 INORGANIC AND THEORETICAL CHEMISTRY 

and 0 41 gim. of potaSBium sulphide Again, one grm. of an average gunpowder occupies 
0*9 c o The surface exposed by one o.c. is 6 square cm , hence, 09 po will expose 5 4 
square om. But if 0*0 o c of gunpowder be confined at atm press , it follows that 327 c c 
will bo confined under 327—0 9 = 363 2 atm. press , or, if one gram of gunpowder at 0° 
bn confined m a closed Bpace and exploded, it furnishes sufficient gas to give 363 2—64 = 67 3 
atm. press, per square cm. supposing the temp, were constant — but the temp does not 
remain constant 

To calculate the approximate temperature developed during the explosion of gunpowder 
in a dosed vessel • — The reaction indicated above is exothermal, and much heat is developed 
The rifle of temp, will cause the gas to expand with an ever- increasing press One gram 
of carbon in burning to carbon dioxide develops 8080 cals. Hence, 0 13 grm, of cat bon 
will furnish 1060 oafi Assuming that the sp ht — that is, the amount oi heat required to 
raise the temp, of one gram of the substance 1° — is constant , and that the sp ht of carbon 
dioxide is 0 22; of potassium sulphide, 0 4 , and of nitrogen, 0 24 , remembering also that 
the quantity of heat Q is equal to the product of the weight of the substance heated, w, 
the rise of temp., x, and the sp. ht , a, we have Q=wsx, or, as a first approximation, 
1050*= {(0 49X0 22) 4- (0 1 x0 24) -f (0 41 xO 4)}® ; or, x =3640°. This means that the 
combustion of one gram of gunpowder will give sufficient heat to raise the temp of the 
products of combustion 3640° — & Abel and A Noble’s value 3200° 

If 326 o.o. of gas be heated to 3540°, the press corresponds with 880 atm per square cm 
Experiment shows that the observed press is but half that indicated by this theoretical 
discussion. The difference is due to several disturbing effects (1) The analysis of the 
gaseous products of combustion shows that side reactions must also be in progress, for 
part of the oxygen forms K a S0 4 , some of the carbon bums to caibon monoxide , some of 
the nitrogen to mtno oxide , some hydrogen and hydrogen sulphide are produced by the 
decomposition of the water present m gunpowder , and some of the gunpowder remains 
unburat , (2) the apparatus m whioh the test is made is slightly elastic, and this interferes 
with the accurate measurements of the press , (3) the sp ht ol the gas increases appreci- 
ably with rise of temp. , and (4) the containing vessel itself absorbs some heat, and this 
the more, the Blower the explosion 

When used as a propellant in a hig gun, combustion should commence slowly, 
so as to gradually overcome the vis inertiCB of the projectile , and, as the projectile 
travels towards the muzzle of the gun, the speed of combustion Bhould increase 
rapidly, so that the projectile has acquired its maximum velocity as it reaches the 
muzzle of the gun The rate of combustion of the power is more easily controlled 
by varying the size and shape of the grains ; by varying the density of the powder ; 
and by varying the surface coating of the mdividual grams. Eor very big guns, 
requiring a big oharge, the burning of the gunpowder even in rounded pellets or 
cubical pebbles one and a halt inches in diameter, is too violent at the beginning. 
The difficulty was to some extent overcome 3 by using charges built up with per- 
forated slabs so as to expose a minimum surface of powder at the beginning of the 
combustion, and later, the slabs with larger and larger holes produced a greater 
and greater surface of powder, and a moie and more rapid oombustion. In accord- 
ance with this idea, the so-called prism powder was made in which the rapidity of 
combustion is progressively increased from the start by moulding the powder into 
a prism with a hollow core, so that combustion, from within towards the outer 
surface, increases in velocity as the surface gxowB larger, until at last the prism 
breaks up, converting it at the last instant into what is practically a coarse-grained 
powder 

In order to seome still slower combustion with low initial strain and a longer 
sustained action, so as to reduce the strain on the breech of the gun, with heavy 
ordnance, charcoal charred at a low temp, is used, this enables the powder to 
retain a certain percentage of moisture, and in brown gunpowder or cocoa powdei — 
so named on account of its colour — the proportion of nitre is higher and that of the 
sulphur lower than in ordinary gunpowder ; semi- charred wood-fibre, or straw 
carbonized by superheated steam, is used as the source of charcoal The composi- 
tion of brown gunpowder is approximately * mtre, 79 , charcoal, 18 ; sulphur, 3 
According to A Noble, the combustion of cocoa powder under press gives per 
kilogram, 196 litres of gas, and 837 Cals, of heat. The gas has the composition : 

00 * co OH* 

61-30 3-42 3*26 0 3] 41 71 per cent 
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There is no potassium sulphide in the solid residue, but 64*12 per cent of K 2 COg ; 
13*55 per cent, of KHC0 3 ; and 22 33 per cent of K 2 S0 4 The larger volume of 
water vapour present m cocoa powder makes the volume of gas at the moment of 
explosion nearly the same as with ordinary black powder Thus a kilogram of 
black powder gives 263 7 litres of permanent gas and 40 9 litres of water vapour, 
while a kilogram of cocoa powder gives 195 4 litres of permanent gas and 122 5 
litres of water vapour If cocoa powder be exploded under atm. press , large 
quantities of mtre remain undecomposed. 

There is another series of explosives which do their work by forming large 
volumes of gas during their decomposition Nrtro-glycerol, foT instance, is made 
by nitrating glycerol with cone nitric acid ; tn-mtrololuene is made similarly from 
toluene , and gun cotton , or nitrocellulose , is made from cotton or cellulose fibre. 
The violence of these explosives is tempered by mixing them with more or less 
inert or lesB active substances — e g when mtroglycerol is mixed with kieselguhr, 
dynamite results The formation of smoke during the combustion of gunpowder 
is due to the presence of condensed water vapour and of solid compounds among 
the products of combustion — these solids also cause the fouling of the gun. 
With brown powder the smoke cloud clears much more quickly than with black 
powders due to the greater proportions of water vapour in the former. The so-called 
smokeless powders are of two classes (i) mixtures of gun-ootton with some substance 
to regulate the combustion, or with some oxidizing material, but no mtro-glycerol ; 
of (ii) mixtures of nitio-cellulose and nitro-glycero] with or without some material 
to regulate combustion. These explosives emit no solid product during explosion, 
although a faint cloud of condensed water vapour is produced. 
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§ 38. Ammonium Nitrate 

This salt was discovered by J R Glauber 1 m 1659 ; he prepared it by the 
action of nitric acid on volatile alkali — ammonium carbonate — and called it mtrurn 
fUmmans. Ammonium nitrate is an artificial product, its occurrence in nature 
is quite exceptional Ammonium nitrate, sulphate, and carbonate occur in small 
quantities m the atm. from which they are carried by rain and snow to the surface 
waters of the earth A. Bobierre 2 measured the amount, month by month, m 
the air of Nantes , R A, Smith determined the amount m the air of towns, etc., 
m Great Bntam , 0. Ochsemus, in the air of Pans ; and A Levy, and F, Fischer, 
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in the an of sewers Selecting a few numbers from the published ammonia content 
of ram-water expressed m grams per cubic metre : 

Valenfcia. Liverpool Manchester Glasgow Darmstadt 

NH. . . . 0 180 4 680 6 469 9 100 1 900 

HNO, . . . 0 370 0 682 1 032 2-436 2 890 

In localities where there is much sunshine, the proportion NH 3 : HN0 3 is less 
than m localities where there is less sunshine owing to the favourable influence 
of light on the oxidation of ammonia to the nitrate The ammonium nitrate is 
formed m at least three ways : ( 1 ) The putrefaction of organic matter followed 
by the oxidation of the ammonia ; (n) the action of electric discharges on ammonia 
and water vapour ; and (in) the action of nitrifying bacteria on ammomaoal com- 
pounds 

The salt has been largely prepared by neutralizing aq. ammonia with nitric 
acid, and evaporating the soln until a fine crystalline film appeals on the surface, 
on cooling crystallization occurs The ammonia is obtained as a by-product m 
the manufacture of coke, heating and lighting gas, m Mond’s process for power 
gas from slack coal or peat, in the distillation of bastard coals and lignite , and as a 
direct product m the action of superheated steam on calcium cyanauude, and m 
the synthetic combination of hydrogen and nitrogen The nitric acid is obtained 
by the action of sulphuric acid on sodium nitrate, by the fixation of atm. nitrogen 
in the electric arc flame, and by the catalytic oxidation of ammonia 3 

Numerous patents- have been taken for realizing the reaction : (NH 4 ) 2 S0 4 
+ 2 NaN 03 ^Na 2 S 0 4 r + 2 NH 4 N 03 , but they have not been successful on account 
of the great solubility of the salts in water In F. Bonker’s process, the double 
decomposition of ammonium sulphate by an eq amount of sodium mtTalc is con- 
ducted in very cone, soln When the liquid is cooled to —10° or —15°, sodium 
Bulphate crystallizes out ; the mother liquid is evaporated and cooled agam The 
liquid is separated from the sodium sulphate ; mixed with a little nitric acid , and 
3 gam cooled, A crop of crystals of ammonium nitrate is thus obtamod If desired, 
the salt can be freed from sulphates by treatment with baryta. V Grondahl 
and J. Landrn extracted a mixture of ammonium sulphate and sodium nitrate with 
alcohol ; 0 Craig treated the mixture with cone, aqua ammonia ; R, N. Lennox, 
and A. W. and J. A. Wahlenberg proposed to separate the ammonium nitrate 
from the mixture by distillation m vacuo In 0 Roth's process, ammonium 
Bulphate and alkali nitrate are melted together between 160° and 200°, the alkali 
sulphate separates first from the cooling mass, and can be removed from the molten 
ammonium nitrate by a centrifuge 

In 1875, G. T. Gerlach proposed to treat the liquid obtained from the ammonia- 
soda process with sodium nitrate in a similar manner ; (NB 4 )IIC 03 +NaN{^ 
^NaHCOs+NH^NOs, but, as shown by T Fairley and G. Dollner, the iticompleW- 
ness of the reaction prevented its industrial application. J. F, Chance, J. V Skog- 
lund, and T Fairley 4 obtained patents for the process. R. Wedekind treated 
ammonium sulphate with rather less than the theoretical amount of calcium 
nitrate : Ca(N0 3 ) 2 -HNH 4 )2S0 4 =CaS0 4 +2NII 4 N0 3 , the yield is quantitative, 
and the calcium sulphate can be readily separated W. A. Dyes, and U. Nydegger 
and R. Wedekind have obtained patents m connection with this process. There 
are also patents in connection with the Norsk Hydro-Elektrisk-Kraelsiof Aktie- 
selshab foT the preparation of ammo mum nitrate by treating cyanamide, OaON 2 , 
with nitrous gases : CaCN2+2H 2 0+4HN0 s ==Ca(N0 3 )2+C0 2 +2NH 4 N0 3 . E. Uaroz 
treated ammonium sulphate with barium nitrate , and 0. A. Burghardt, with lead 
nitrate 

E. Rammann noted that a little ammonium nitrate is formed during the reduc- 
tion of a soln. of feme nitrate by metallic non whereby ferrosoferric oxide is precipi- 
tated, and ammonium nitrate appears m the soln. E, W. von Siemens and J. G. Halske 
patented a process in which a mixture of well-dried oxygen, nitrogen, and ammonia 
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was exposed to the silent discharge and a deposit of ammonium nitrate was obtained 
on the walls of the vessel W Ostwald oxidized ammonia to ammonium nitrate 
by the agency of catalytic platinum ; A. Frank and N. Caro proposed thorium 
oxide as catalyst ; M Wendnner, uranium compounds ; and W Traiibe and 
A Blitz, cupric hydroxide In 1908, the Deutschen Ammoniak- V erkauf s- Vereim- 
gung, of Bochum, made 651 tons of a mm onium nitrate by W Ostwald’s process ; 
and m 1910, 1237 tons 0 T. Kingzett noted the formation of ammonium nitrate 
during the action of ozonized air on moist phosphorus; and, according to 
W. B. Hodgkinson and F B Lowndes, it is also formed during the combustion of 
ammonia in oxygen, and of hydrogen m the vapour of nitric acid. H. Davy 
observed the formation of ammonia at the cathode and of nitnc acid at the anode 
during the electrolysis of water with arc m soln , and R, Nithack has a process for 
the preparation of ammonium nitrate by electrolyzing water with nitrogen dissolved 
under a press, of 50 to 100 atm 

Ammonium nitrate can be readily obtained in columnar six-sided prisms or 
pyramids or m thin needles by careful evaporation and slow coolmg ; if evaporated 
to a very small bulk, it solidifies to a fibrous or dense mass. Some of the larger 
crystals can be bent, and this is accompanied by a crackling sound At ordinary 
temp , the crystals are rhombic bipyramids J. C. G de Mangnac, 6 V. von Lang, 
F Wallerant, O Lehmann, J. W Betgers, etc , have measured the crystal angles, 
and, according to B Gossner, the crystal parameters are : a .b: c=0‘9092 : 1 : 1*0553. 
The rhombic form which is stable at ordinary temp, is very different in type from 
rhombic potassium nitrate, and the two salts are not isomorphous, although, as 
J W Betgers showed, the two salts are iso dimorphous m forming two different 
types of rhombic mixed crystals according as one or other component predominates 
J W. Betgers also found that ammonium nitrate can form mixed crystals with 
rhomb ohedral sodium nitrate Ammonium nitrate also forms two series of rhombic 
mixed crystals with silver mtiate. There is also a well-defined double salt : 
NH4Ag(K0 8 ) 2 F. "Wallerant, and M. CaillaTt have studied the mixed crystals of 
ammonium nitrate with the alkali and thallium nitrates 

The reported values for the specific gravity of the form whioh is stable ah ordinary 
temp, range from 1 684 to 1 791 H Sehiff and U. Monsacchi’s 6 value is 1 6973 
at 23° (water at 4° unity) ; U. Behn’s value at 20° is 1 725 ; J. W. Betgers 5 value 
is 1*725 at 15° ; and the mol voL is 46 4 at 15°. L. Poinoar6’s value for the sp. gr. 
of the liquid, at 200°, is 1 36 G*. Gerlach, F Kohlrausch, W. Muller and P KauL 

mann, and many others have measured the sp gr of aq. soln of ammonium nitrate. 
H. Gorke’s results at different temp are indicated in Table LX (water at 
4° unity) 


Table LX — Specific) Gravities of Solutions of AwmoNTcrw Nitrate 


Per cent 
of salt 

0° 

10° 

18° 

25° 

40° 

00° 

86° 

100° 

2*00 

1 011 

1 0096 



1 0018 


0 9781 

0 9680 

6 00 

1022 

1 0210 

1 0198 

1 0183 


1 0032 

0*9880 

0 9780 

10 00 

1046 

1 0423 

1*0406 

1 0382 


I 0231 

1*0096 

0 9088 

19 77 

1*091 

1 0868 

1 0836 

1 0806 

1*0731 

1 0628 

1 0475 

1 0372 

30*33 

1 1388 

1 1341 

1 1308 


1 1191 

1*1088 

1 0931 

1 0830 

40 16 

1 186 

1*1816 

1 1778 

1*1740 

1 1662 

1 1645 

1 1381 

1 1258 

60 16 

3 238 

1 2320 

1*2281 

3 2240 

] 2165 

1 2030 

1 1859 

1 1755 

69’94 

1 293 

i 

1 2806 

1 2833 


1 2G73 



J 2640 

1 

1 2385 

1 2288 


The soln of ammonium nitrate m water is attended by a relatively large expan- 
sion. According to M Bogow, if w grms oi one mol. of the salt be dissolved m 
2000-w grms of water, at 20°, there is a volume expansion of 47 6 c c. H. Sehiff 
and CJ Monsaochi found at 23° : 
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Per cent NH a N0 3 • 

Vol 100 grins, so In. • 

Volume of components . 
Difference . 


. 63 42 28 

. 77 1878 84 5479 89 4842 

. 74-2082 82 8297 88 6726 

. 2 9796 1 7182 0 8117 


14 7 4 

94 7000 97 4673 98-7103 

94 4583 07 3511 98 6334 

0 2417 0 1162 0-1764 


The expansion thus has a minimum value -with between 14 and 4 per cent soln. 
According to R Bxoom, the dilution of a soln over 7 per cent cone is attended by 
a contraction. H Schifi and U Monsacchi found that the expansion in aq soln 
of nitric acid, potassium nitrate, or ammonium chloride is greater than with water. 
A. Gentsch, and H Gilbault have also investigated this subject. J. W. Retgers 
found the mol vol of the salt m soln is greater than 46 4, the value for the solid 
salt E. Ruppm also found that the neutralization of an aq soln of ammonia by 
nitric acid is attended by a contraction m volume G. T Gerlach, and G. Tammann 
and W Hirschberg measured the sp.gr of ethyl alcohol soln , and H. Schiff and 
U Monsacchi, of methyl alcohol soln H Gilbault, V Schumann, and W 0. Rontgen 
and J. Schneider have measured the compressibility of soln of ammonium nitrate. 
The surface tension of aq soln of ammonium nitrate were measured by 0 Eorch, 7 
who found that when <r represents the surface tension of the soln. at 6° , ar^, that of 
water ; w=cr— o-j , then, for soln containing iV-mols. of ammonium nitrate per 
litre at 14 5 °- 15 5° : 


N 

. 7 50 

6*57 

3 76 

1*808 

0 904 

Kf % 

• 8 745 

8 487 

8 252 

8 047 

7 941 

cjN . 

. 0*125 

0 119 

0 110 

0 125 

0 124 


R. Abegg, A. Kamfcz, and 0 Pulvermacher have measured the viscosity of soln. 
of ammonium nitrate, and H Gorke the reciprocal of the viscosity, % e . the fluidity 
at different temp, (water at 2B° unity), and his measurements are indicated m 
Table LXI A Kanitz also measured the viscosities of mixtures of ammonium 
nitrate with potassium, Bodium, or barium nitrate, and found that the results 
follow the additive rule vexy closely. W. N. Bond studied the plasticity of crystals 
of ammonium nitrate. 


Table LXI — Fluidity or Solutions op Ammonium Nitrate. 


Per cent 
of salt 

0° 

10° 

18° 

25° 

40° 

60° 

85° 

100° 

0 


0 0840 

0 8471 



1*901 



2 00 


0 6910 

0 8595 

1*016 

1 368 

1 870 

2 583 

3 051 

5 00 

— 

0 7150 

0 8728 



1 842 

2*475 

2*85 

10 00 

0 5737 

0 7492 

0 9070 

1*048 

1 360 

1 829 

2*446 

2 09 

19-77 

0 586 

0 7055 

0 9092 



1 751 


2 49 

30 33 

0*5920 

0 7450 

0 8616 





2-323 

40 15 

0 556 

0 6789 

0 7867 


1*104 

1 409 

■bi 


60-15 

0 416 


0*6098 

0 7378 

0 9104 

1*140 

1 441 

1*017 

SO 94 



0*6204 

0 6833 

0*7345 

1 9206 

1 140 



E. Maumen6 gave 153° for the melting point, V H. Veley reported that the 
first signs of fusion occur at 150°, and that at 159°, the salt forms a clear liquid. 
M Berfchelot gave 152°; S. U Pickering, 165°, 166°; H Schifl and U. Monsacchi 
gave 166° , M. Bellati andR Romanese, 168° ; and O Lehmann, 161° R. G. Early 
and T. M Lowry give 169 6° for the f p of the pure dry salt. The heating curve 
by J Tollinger shows a steady rise up to 35 67°, and then falls to a minimum at 
34 96° before rising again : while the cooling curve falls to 30 07° and then rises 
to 31*05°. There are also analogous changes on the heating curve at 86° and at 
125°, and on the cooling curve at 82*5° and 124°. These changes are connected 
with changes in the morphological characters of the crystals. Both P. W, Bridg- 
man and TJ Behn noted that there is a marked hysteresis or lag in passmg from 
one phase to another, and it is difficult to get the reaction to pass completely from 
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one phase to another. The reactions start with only a little sub-cooling or super- 
heating, but run to completion only with a much greater sub-cooling or super-heating. 

At ordinary press solid ammonium nitrate exhibits at least four transition 
temp. The molten salt freezes at about 168°, forming crystals of the modification 
I-ammomum nitrate, or €-NH 4 N 03 , which belong to the cubic system ; at about 
126°, the crystals become doubly refracting, pass into a second modification, 
S-NE^N0 8 , or n-ammomum nitrate, which crystallizes in the tetragonal system 
— or possibly m the rhombohedral system This form was discovered by 
M. L Frankenheim in 1854. For the temp of the I- to II-transformation, 

0. Lehmann gives 127° , M BeUati and R Romanese, 8 124°-125° , S Lussana, 
124 9°-125 6° , W Schwarz, 123 5°-125 6° ; J von Zawidzkv obtained 125° ; and 
K Vogt, and R G- Early and T M Lowry found 125 2° to be the best representa- 
tive value A second transformation occurs at about 83°, and the crystals beoome 
optically biaxial,' forming a third modification, y-NHaNOg, or III- ammonium 
nitrate, belonging to the monoclimc system These crystals appear to be almost 
tetragonal, so that F. WaUerant called them monoclimques quasi-quadratiques . 
For the temp of the II- to Ill-transformation, 0. Lehmann gives 87° ; CT Bekn, 
83° , M Bellati and R Romanes©, 82-5°-86° , W Schwarz, 82 5°-86 5° ; F. WaUe- 
rant, 82° , G Tainmann, 84 6 ° , S, Lussana, 85 85° ; J. von Zawidzky, 85 4° ; 
and K Vogt, 82 26°. R G. Early and T. M LowTy believe 84 2° as the best 
representative value. A third transition occurs at about 32°, the crystals then 
become rhombic — quasi-quadratiques — forming IV -ammonium nitrate, or jS-NH^NOg. 
This IV-modification is the stable form at atm temp , and is the variety ordinarily 
occurring in commerce For the temp of the III- to IV -transformation, O Lehmann 
gives 36° , M. Bellati and R. Romanese, 31°-35° ; W Schwarz, 31°-35° ; F. Walle- 
rant, 32° ; XL Behn, 32° , G Tammann, 31*8° ; S Lussana, 30 55 0 -34'45° , and 
W Muller, 32 2° ; while R G Early and T. M Lowry bebeve 32 1° to be the best 
representative value. G. Tammann found a fourth transition at —4°, but after- 
wards noted that his first Tecoid was in error, and placed the transition temp, at 
—16°. The best representative value for this transition point may be taken as 
—18°. The crystals of the modification V-ammonium nitrate, ot a-KH^N0 3 , 
belong to the tetragonal system , and have a positive double refraction a little 
weaker than the Il-variety. For the temp. o± the IV- to V-transformation, 
F WaUerant gives —14° to —16° ; and U Behn, —18°. The latLex number is 
taken to be the best representative value. To summarize, the best representative 
values of the transition points are : 

100 0° 125 2° 84’2° 821 s -18° 

NH 4 N O a ^I-NH 4 N Oa^II-NH 4 N -NH 4 N O a ^V -NH 4 N O a 

Liquid Cubic Tetragonal Monodinlo Eliombio Tetragonal 

Neither 0. Lehmann (1906) nor U Behn could detect any signs of further transforma- 
tion between —18° and —140°. R. G. Early and T, M. Lowry show that the 
velocities of the higher transition temp are fast enough to give sharply-defined 
breaks m the heating and ooolmg curves, but the transition temp, at 32'1° cannot 
be determined in this way because of the slowness of the change Dilatometnc 
methods were used The velocity of the change v at the temp 6 can be represented 
by ±(0— d 0 )=Jc logi 0 (V <y +l)> where 9 0 denotes the transition temp , and v } the 
percentage amount changed per hour — when u=2*5, ± (9 — 0 o )=O 41. 

Modification II and V are so much alike that F WaUerant suggested that they 
are identical. He said : 5< H n’y aurait rien de surprenant dans U existence de deux 
modifications appartenant au mbme systkme et paraU&ement onentfees , 
Mais bien plus fi n’y a en r6aht£ qu’une modification stable dans deux inteTvalles 
de temperature 55 If this hypothesis were to be verified the phenomenon would be 
unique. No case is known where the crystals of a single definite substance, pre- 
senting the same crystalline form with aU the physical properties identical, can 
exist within two separate Tanges of temp. 

von. n. 3 h 
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U Behn has pointed out that if IX and V be identical, the following reversible cycle 
can be performed Transform a gram of the salt at 83° mto III* cool it to 32°, and transform 
it to IV, and cool it to —18°, and transform it to V. Finally, heat this back to 83° The 
Banes of changes produces Q z cals at 83° (0 3 ), Q A cals at 32° (0 2 ), and Q 6 cals at -“18° (0 5 ), 
The sp ht of the modification m the order named are C 3 , C 4 , and C s Then : 

Q»+ J B gC t dd+( 3*+ J e g y t d0+Q 5 = jl'o.dd (1) 

The identity of the II and V modification does not here involve the vanishing of the smnB 
of the heats of transformation Qa+Qe—O* for this could occur only if 

Hy i de+ ( 2 ) 

for Qi + Qi+Q* can be zero when each of the heats of tiansition is zero — thoy cannot oach 
be negative If the modifications II and V are identical the average sp ht botweon —18° 
and 83° would have to he much higher than it is at either of these two temp By introducing 
the known data mto (1) there is a difference of 8 4 cals m xhe two sideR of the equation 
There is an uncertainty in the value of C B , but lb is hardly likely to amount to 8 4 cals 
Hence, it is probable, but not certain, that the two forms aze not identical 


F. Wallerant added different proportions of lsomorphons caesium nitrate to 
ammonium nitrate, and found that the tetragonal modification could be stable 

not only above 83° but below —18°, and also 
\ rnrTTnn throughout the whole intermediate range of 
| ZZZZ-ZZZZZZIjvI temp This does not prove that the II- and 

~ 7j_ V- varieties are identical, for a transition 

^ 6 ma y occur without obvious physical change 

| ^Z_J_ U Behn examined the two tetragonal modi- 

s $ y — J-~ fications dilatometrically, thermally, and 

^ -y - — f — crystallographically, but was unable to establish 

^ * — j precise proof of the identity or otherwise of 

| ^ the II- and V- varieties of this salt The 

s z ~d ~~7 ~Z~~~\ general trend of the evidence, however, is 

I; J rlJ<Zr>Ll l7rl Jrf\ against the hypothesis that the two forms are 
0° ^ ' wr /ar/jnf identical M Caillart examined the mixod 

t? qa 17* m bqUiC/ crystals of ammonium and potassium nitrates 


“ d (1) *omb„ .01 tta ,iota«- 

— P W Bndgman sium mtiate type containing 0-17 2 mol of 

ammonium nitrate per 100 mol of mixture, 
(2) monoclmic crystals with 55-94 5 mol of ammonium nitrate per 100 mol 
of mixture, and (3) rhombic crystals of the ammonium nitrate type with 98-100 
mol of ammonium nitrate per 100 mol of mixture 

V. Rothmund showed that m the general case of solid soln., the effect of a 
solute on the transition temp, of the solvent is analogous to the oryoBcopic effect 
of a liquid soln , and the depression of the transition temp is given by 0 O — $i 
*=RT^/Q(G 2 Cq), where 0 O and 8-y denote the transition temp, of ammonium 
nitrate before and after the addition of potassium nitrate , T, the absolute transition, 
temp of a mm onium nitrate alone i Cq and Ci, the mol. cone, of potassium nitrate 
in 100 grms. of the two modifications of ammonium nitrate, and Q is the heat 
of transformation of ammonium nitrate The results with potassium and ammo- 
nium nitrates are m accord with V Rothmund’s rule, and, at 32°, there is a 
change of quadruple mto triple molecules . 3(NH 4 N0 8 ) 4 ^4.(NH 4 N03) 3 . 

S Lussana, G Tammann, and P W. Bndgman have measured the effect of 
press, on the transition points The results of the last-named investigator are 
Bhownin Fig. 84. According to R Clausius’ equation, dT/dj)~T*dvlQ, the variation 
of the transformation temp dT with a change of press, dp is positive when dv 
is positive and negative when dv is negative. Q represents the quantity of heat 
taken negative— which is liberated when a stable system has its temp, raised, 
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and ib theieby transformed into another stable system with the accompanying 
change of volume dv The fusion point of the salt at one kgrm. per sq. cm press 
is 168°, and 202° when the press is 1000 kgrms per sq cm , iv is then 0 05] ± co, . 
per grm ; dT/dp , 0 034 , the latent heat, 6 9 kgrm m per grm , and the change 
of energy, 6 6 kgrm m per grm. The following data are seleoted from those 
compiled by P W. Bridgman : 


At the tianaition points I to XI, 125 5° at one kgm per sq. cm press ,dv= 0 01351 o c per 
grm , dT/dp is 0 00974 ; and the latent heat and change of energy are each 6 63 kgrm m per 
grm At a press ot 9000 kgims per sq cm ,the transition point is 186 6°, dv, 0 00470 
o c per grm , dT/dp , 0 00409 , and the latent heat and change of energy are respectively 
5 35 and 4 92 kgrm m, per gim For the II to III transition point, at 82 7° at ono kgrm 
per aq cm pross , — 0 00758, dT/dp =— 0 0159; and the latent heat and change of 

energy are each 1 70 kgrm. m per grm , at 9000 kgrms. per sq cm. prebS , the transition 
temp is 167 4°, dv=0 01266 , dT/dp= 0 0111 , and the latent heat and change of energy 
are respectively 5*01 and 3*87 kgrm m per grm The transition pomt IH to IV is 
32 0° at 1 kgrm per sq cm press , and dv — 0 02026 , dT/dp— 0 031 1 , and the latent heat 
and change of energy aro each 1 99 kgrm, m per grm The transition pomt is 60*8° at 
800 kgrms per sq cm press , dv*= 0 02128, dT/dp— 0 0410, and the latent heat and 
change of onergy are respectively 1 73 and 1 50 kgrm m per grm The IV to V transition 
pomt is —18 0° at one kgrm per sq cm press when dv= — 0 017 idT/cZp = — 0 063, and 
the latent heat and change of energy are each 0 69 kgrm m per grm P W Bridgman 
sought if the fa l l i ng IV to V transition curve is replaced by the appearance of another 
phase with a rising curve between IV 
and the new modification, but obtained 
negative results with pross up to 12,500 
kgrms per sq cm at room temp 

P W Bridgman found a sixth modi- 
fication, Vl-ammomum nitrate, whose range 
of stability on the pT- curves is shown m 
Fig 84 The transition temp I to VI 
are 186 6° and 201 6° respectively at 9000 
and 11,000 kgrms per sq cm press ; the 
corresponding values of dv are 0 00868 and 
0 00740 , the latent boat and change of 
energy respectively 5 26 and 4 49 kgrm 
m per grm for the smaller press , and 
4 68 and 3 87 kgrm m por grm for tho 
larger press ; and dT/dp is 0 00760 For 
the II to VI transformation respectively 
at 9034 and 9154 kgrms per sq cm press , 
the tian&ition temp aie respectively 

185° and 170°; dv, 0 00373 and 0 00312, dT/dp— — 0 326 ; and the latent heat and 
change of energy respectively 0 111 and 0 296 kgrm m per grm for the higher press , 
and 0*137 and 0 474 kgrm m per grm for the lower press Similarly, for the VI to IV 
transformation, the transition temp ore 167 9° and 192 5° respectively for press 9000 and 
12,000 kgrms por sq cm , the corresponding values of dv are 0 00959 and 0 00950 ; 
dT/dp =0 00820, and the latent heat and change of energy respectively 5 16 and 4 29 
kgrm m por grm at the lower press , and 5 40 and 4 25 kgrm m por grm at the higher press 
The triple point for II-IIX-IV ammonium nitrates is 63 3° at 860 kgrms per sq cm 
press , for 1-II—VI ammonium nitrates* 186 7° at 9020 kgrms per sq cm press , and 
tor II-IV-VI ammonium nitrates, 169 2° at 9160 kgrms per sq. cm. press At the triple 
points, the values of dv c c per grm , dT/dp , and of the latent heat and change of energy 
m kgrm* m por grm are respectively III-IV, 63 3°— 0 02135, 0*0417, 1 72, and 1 54 ; 
n~III, 63 3° -0 00926, 0 0294, 1 06, and 1*14, II-IV, 63 3°-0 1210, 0 0146, 2*78, end 
2 68 ; I-U, 186 7°-0 00475, 0 00406, 6 38, and 4 95 ; I-VI, 186*7°-0 00805, 0*00730, 5 24, 
and 4 47; II-VI, J86 7°-0 00380, -0 125, 0 14, and -0 4S; II-IV, 169 2°-0 01267, 
0*0111, 5 06, and 3*91 ; II-VI, 169 2°-0*00309, -0 126, 0 U, and 0*38 * and for IV-VI, 
ICO 2°— 0 00958, 0*00820, 5 17, and 4*29 P W. Bridgman also measured the velocity 
of the transformation of the different forms of ammonium nitrate 



Temperatures 

Fio 85 — Diagrammatic Representation of 
tho Diffeient Forms of Ammonium Nitrate. 


The ^T-ielations of the six different forms of ammonium nitrate are illustrated 
diagrammatioally in Fig 85. M. Bellati and R Romanese, and TJ Behn measured 
the changes m volume at atm. press at the four transition points. M Bellati 
and R Romanese have also measured the latent heats of the transformation 
III-IY, III -II, and H-I. U Behn found the latent heat of transformation at 
—18° to be 1 62 M Bellati and R Romanese give fox the heat of transformation 


836 


INORGANIC AND THEORETICAL CHEMISTRY 


at 32°, 6*02 ; and at 83°, 5 33 P W. Bridgman’s values are indicated above. 
G Ta mmann lias measured the co-ordinates of the triple points II-III-IV 

The thermal expansions mcc per giam of some of the different forms of ammo- 
nium nitrate have’ been measured by M. Bellati and R Romanes©, U Behn, and 
P. W Bridgman U Behn measured the coeff of expansion of the solid between 
—60° and 100° and found : 

— 60 ° — 20 ° 0 ° 18 ° 20 ° 60 ° 100 ° 

0 000677 0-000852 0*000920 0*000978 0 0009S2 0 001069 0 001X13 

H. Kopp gave 0 000973 at 20°, and M Bellati and R Romanese 0 000963 at 20°. 
U. Behn also represented the volume v at 0° between 100° and —40° by the equa- 
tion v=v Q (l +0*000922+0 000001630—0 OOOOOOOO450 2 ) M. Bellati and L. Fmaza 
give for the coeff of cubical expansion at 20°, 0 00005633 , and at 0° between 
86° and 125°, u=fl 0 (l+0 O 6 4770+O O 5 368O0 2 ) ; and between 125° and 139*3°, 
u='y 0 (l— 0 O g 56590+O O 5 368O0 2 ). For the Il-modification, M Bellati and 
R. Romanese give 0 0001165, and U Behn gives 0 00041 c c. ; for III, the former 
give 0 000134, the latter gives 0 00036 ; for IV, the former give 0 000222, and the 
latter gives 0 00048 U. Behn’s results agree with those of P W Bridgman, who 
makes II expand 0 000038 o c per gram more than III , and IV expand 0 000115 o c 
per gram more than III. Hence, IV is more expansible than III, which is stable 
at a higher temp — this is unusual U Behn gives for the V-modiftcation 0 00037 
c.o per gram The coeff of expansion of aq soln has been measured by 0. Forch,® 
N. A. Tschernay, and by S. de Lannoy Vide also alkali nitrates. S. de Lannoy 
found for the volume v at 0° <;=(i; 0 +<Btf)10- 5 , 


Per cent. NH<NO s 

. 20° 
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60° 
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00 
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. 282 

995 

1882 

3015 
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. 549 

1338 

2312 

3475 

20 

. 718 

1600 

2633 

3825 

44 

• 948 

1960 

3058 

4240 


M. Bellati and R Romanese give for the specific heats m calonos per gram, at 
atm press , II, 0*426 ; III, 0 355 ; and IV, 0 407. U. Behn found the sp. ht 
between —15° and 15° to be 0*395 between —79° and —20°, 0*352 , between —190° 
and ordinary temp ,0*305 , from — 190° to — 20°, 0 274 The sp lit of the V-modi- 
fication may be taken as 0 423+0 001430 between —190° and 20° ; and for the 
mean sp ht of the IV-vanety between 0° and 31°, 0 407 ; or at 0° within this 
temp range, 0*395+0 000750. The sp. ht. of aq. soln, has been measured by 
A. Wmkelmann, J Thomsen, and J. C. G de Mangnac Tho composite results 
from about 18° to about 50° are . 

Per cent salt . . 64 47*1 28 6 15*1 9*1 2 9 

Sp ht. . 0*6102 0*697 0-7227 0 8797 0 9249 0 9654 

Solid ammonium nitrate is very deliquescent m moist air, and it is very Boluble 
in water. According to H. Lescoeur 10 and F. L. Kortxiglit, at 20°, the salt absorbs 
moisture from the air if the vap press of the water is over 9 mm. The vap. press 
of a Bat soln. has the same value It is very difficult to dry the salt , it can bo 
obtained with less than 0 1 per cent, of moisture by exposure over phosphorus 
pentoxide at ordinary temp m a desiccator. U. Behn observed a slight decom- 
position of the salt after it had stood a few days m the desiccator. This was 
evidenced by the smell of nitrogen oxides If heated, the decomposition is quicker 
If one limb of a U-tube containing the salt be heated to 100°, and the other limb 
be cooled to —79°, water is continuously collected, but the salt becomes no drier 

6 Ta mmann measured the vap. press of soln of 5 02, 53*25, 118 51, and 
192*93 grins, of ammonium nitrate in 100 grms. of water at 100°, and found the 
lowering of the vapour pressure to be respectively 14*6, 132 1, 235 9, and 324*3 mm. 
E. B R. Prideaux and R M Caven measured the vap press of 47*8 per cent , 
60*4 per cent., and sat. soln. of ammonium nitrate, and represented the vap. press.. 
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p, at 5°, of a 4 8 per cent soln by p=336*5— 12 8455+0 151165 2 ; of a 60*4 per cent, 
soln byp=2312— 9 665+0 1250 2 , and of a sat soln by p=16— 0 82755+0*015255 2 
—0 O68750 3 Accordingly, tbe values of dpjdT are respectively —12 845+0*302325, 
—9*666+0 25 5, and —0 8275+0 03055 — 0 020625 5 2 Tbe first named also studied 
tbe deliquescence and v drying of this salt. Tbe sp vol. of steam can be 
calculated from ^-equations for steam, and bence, tbe latent heat of evapora- 
tion, Q , is Q=T(v 2 —v 1 )d'pldT i so that for tbe unsaturated soln Q is 450 to 500 
cals , about 50 cals, less than foT water at tbe same temp , and it appears to attain 
a maximum between 60° and 70° Tbe latent beat of evapoiation of sat. soln. of 
those Balts whose solubilities increase continuously with rise of temp, will generally 
become zero when the press, of tbe sat vap reach a maximum for whioh dpjdT=0, 
and thereafter become negative when tbe evaporation of water with tbe precipita- 
tion of tbe salt evolves beat Tbe temp of zero latent beat of a sat. soln. is estimated 
at 112°. Eor sat soln. of ammonium nitrate : 




40° 

45° 

60° 

60° 

70° 

30° 

90° 

05* 

• 

• 

. 2 9 

3 6 
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92 
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G T Gerlach found tbe boiling point of a soln. of 10, 439, 4099, and oc grms. 
of salt in 100 grms. of water to be respectively 101°, 130°, 200°, and 240°. J. Legrand 
obtained higher b p than these The result, however, cannot be very exact because 
of hydrolysis, and decomposition — particularly over 130° E H. Loomis, and 
H. C Jones and B. P. Caldwell measured tbe lowering of the freezing point of 
soln of ammonium nitrate containing 0 0801, 4 006, and 18 072 grms. of salt in 
100 c c. of soln., and found the, respective depressions to be 0 0368°, 1*629°, and 
8 720° ; and tbe mol lowering of tbe f p respectively 3*6°, 3 26°, and 2*91° respec- 
tively Other determinations have been made by F. Guthrie, E. Budorfi, J. Tollinger, 
E M. Baoult, and L C. de Coppet Tbe latter found tbe cryobydrio temp. —17 35 
with a soln. containing 70 grms of salt in 100 grms of water. F. Guthrie found 
— 17 2° for a soln with 78 grms of salt and 100 grms. of water. 

J. Thomsen’s values 11 for tbe heat of formation, (NH 3gas HN03)=34*7 Cals., 
and (N 2 ,2H 2 ,l£0 2 )=88*l Cals ; and M. Bert helot’s value for tbe last-named result 
is 87*9 Cals., and for (N 2 0,2H 2 0i 1(111 id)==— 29 5 Cals. Tbe heat of neutralization 
of ammonia and nitric acid in cbl. soln. is 12 3 Cals., according to J. Thomsen, 
and 12*5 Cals., according to M. Berthelot , T. Andrews found 12 44 Cals Tbe 
soln of ammonium nitrate m water is attended by a considerable absorption of 
heat. According to F. Budorfi, tbe soln of 60 parts of salt m 100 parts of water 
lowers tbe temp from 13*6° to — 13*6°, 7 e about 27° ; and if tbe water is initially 
at 0°, ice separates out during tbe dissolution of tbe salt, for tbe temp falls to 
—16*7°. This property is utilized in preparing tbe freezing mixture : A mm onium 
mtrate 5, sodium chloride 5, snow 12, which is capable of producing a temp of 
—32°. J. Thomsen found tbe heat of solution of a mol. of this Balt m 200 mols. 
of water to be 6 322 Cals , and, according to M. Berthelot, 6 20 Cals, in 220-240 
mols of water at 10 15° Tbe beat of soln , at 0°, with p por cent, of salt between 
5 04 and 20 per cent is, according to A. Wmkebnann, 92 25 — 1 737p+0 0402 p 2 ; 
and between 20 and 40 per cent, 89-1—0 985p+0 0105p 2 J. Thomsen gives 
fox tbe heat of dilution by w-mols. of water to a soln containing 2NH4N 0 8 + 5H 2 0 
at about 18° : 

n . • • 1 5 15 35 95 195 395 

Cals . . —0*67 —1*28 —2 52 —3 68 -4 68 —6 02 —6 23 

T Graham, F. B. Pratt, A Wmkelmann, and J Tollinger have also investigated 
this subject. Tbe integral beat of soln , i e tbe beat absorbed in producing a sat 
soln , is —4 Cals They also found tbe theoretical beat of soln to be —3*6 Cals. ; 
and the beat of soln of tbe first mol. in 200 mols of water, —6*3 Cals 

H. C. Jones and P. H. Getman, 12 and P L. Haigh have measured tbe refractive 
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indices of aq. soln. of ammonium nitrate, and found for soln. of 0 05, 0*50, 1*00, 
and 2 00 mols per litre the respective values 1 '32538, I 32989, 1*33485, and 1 34449 
— vide alkali nitrates According to J H Gladstone and W H Perkin, the mole- 
cular magnetic rotation of the dissolved nitrate is 2 316, and the molecular refrac- 
tion for the -4-line, according to Gladstone and Dale’s formula, is 25 23 , the 
molecular dispersion for the H - and .4-lmes zs 1 88 O Humburg also measured 
the mol rotation of aq and methyl alcohol soln , and D. Drjken, the mol refraction 
and dispersion E Doumer gives the mol refraction 18 8 O Reinkober studied 
the reflexion spectrum for ultra-red rays. 

According to L Pomcar6, 13 the sp electrical conductivity of the molten salt 
at 172°, 202°, and 213° is respectively 0 320, 0 397, and 0 447 reciprocal ohms ; 
and at 0° between 160° and 220° is O 400 { 1+0 0073(0— 200)} reciprocal ohms. 
The sp gr. of the fused mass is 1 36 at 200°, so that there are 18 8 mols per litre, 
and the mol conductivity is therefore 233 at 200° Numerous measurements 
have been made of the electrical conductivity of aq. soln. There are the measure- 
ments of J H Long, R Lenz, E. Bouty, S Arrhenius, E Kohlrausch, W. Poster, 
O Grotnan, etc H C Jones and co-workers found the eq. conductivity A between 
0° and 35° for soln. with an eq of the salt in v litres of water. At 25°, and A^ 137 8, 

« # . 1 2 4 10 40 100 400 1000 2000 

A . . . 68 1 73 3 77 7 83 l 89 6 92 0 95 6 99 0 100*00 

H. Gorke measured soln between 2 and 60 per cent cone., and between 0° and 100°. 
R Kohlrausch and 0 Grotnan give for the temp coefl. of a 49 3 per cent, soln , a 
specific conductivity of 7T 0 (l+0 02350+0 OOOO190 2 ), where K Q represents the 
specific conductivity at 0°. R Dennhardt measured the relation between the 
viscosity and electrical conductivity M le Blanc foimd the decomposition 
potential of a N- soln , with platinum electrodes, at room temp., to be 2 08 volts, 
being thus about 0 08 volt less than the value for potassium and sodium nitrates 
S Arrhenius found the conductivity Aq of a salt m water is reduced to A when 
r per cent by volume of a non-electrolyte is added, where A=Ao(l — Jo#) 2 , where a 
is a constant : 

Methyl alcohol Ethyl aloohol Isopropyl alcohol. Ether Acetone. Cano sugar 

% . . 0 0167 0 0219 0 02 16 0 0181 0*0141 0 0279 

O Humburg measured the conductivity m methyl alcohol soln. 

The percentage degree of ionization a of aq soln of ammonium nitrate has 
been calculated from the cryoscopic and conductivity measurements of E H. Loomis, 
H. C. JoneB and B. P. Caldwell, and W. Kistiakowsky of N- soln. of ammonium 
nitrate, are 
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The agreement for 2 N- and more cone soln is not good. Ammonium nitrate 
behaves aB a strong electrolyte with respect to W. Ostwald’s dilution law H Gorke 
obtamed better agreement by allowing for the change of lomo mobility with the 
more cone soln. owing to the decreased fluidity of the medium. He substituted 
the term XFq/F in place of A, where F 0 represents the fluidity of the water, and 
F that of the soln Ammonium nitrate m aq soln. is but feebly hydrolyzed, but 
the hydrolysis is recognizable when the soln is heated. H C. Dibbits showed that 
the hydrolysis can be deteoted at ordinary temp., as is also the oase with other 
ammonium saltB, by passing a stream of air through the soln. V. H. Veley, and 
E. G. Hill measured the degree of hydrolysis relatively with other ammonium 
salts, but the results were obscured by secondary reactions. C. Bruck has studied 
the hydrolysis of boiling soln of ammonium mtrate 

Determinations of the solubility of ammonium nitrate in water for a few temp. 
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were obtained by C J B Karsten, T T Harris, G J. Mulder, F Rudorff, etc 14 
W Schwarz said that at 25°, the solubility decreases with a rise of temp., but 
W Muller and P KauEmann show that this is not correct ; there are, however, 
definite breaks in the continuity of the solubility curve corresponding with the 
changes in the character of the solid on a rising temp Solubility determina- 
tions by L C. de Coppet below 0°, by W Muller and P Kaufmann between 
60° and 74 8° ; by W Schwarz between 50° and 125*6°, axe summarized in 
Fig 86. 
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The data by the different observers are not very concordant, presumably because 
the soln were in some cases partially sat , and posBibly also because of the incom- 
pleteness of the transformations from one form to another C J B Karsten, 
F Rudorff and A A Noyes measured the effect of the addition of other salts on 
the solubility of ammonium nitrate Expressing the results in mols per litre, 
at 19 5°, a sat soln contains 5*44 of ammonium chloride and 21 7 of the nitrate 
while if these salts are present alone, the solubilities 
are respectively 6 93 and 25 0 Similarly with “" Q 
sodium mtrate at 16°, a sat soln has 9 07 of 
sodium nitrate, and 20 4 of ammonium nitrate when 
the solubilities of the individual salts are respectively 
9 76 and 24 0 Similarly, 100 grins of water, at 
20°, will dissolve 162 9 grms of ammonium nitrate 
and 77 1 grins of sodium nitrate ; or 88 8 grins of 
ammonium nitrate and 40 6 grms of potassium 
mtrate ; or 101*3 grms of ammonium nitrate ind 
6 2 grms of barium nitrate Fox the Bolubility m 
ammonia and in nitric acid soln — mde infra* 

J J Pohl 16 found 100 paits of 66 8 per cent 
ethyl alcohol dissolved 43 7 parts of ammonium 
mtrate at 25°, and 91 parts when, boiling. Deter- Fia 
ruinations have been made by 0 A L. de Bruyn, 

H Scliiff and U Monsacchi, etc G. T. Gerlach 
and G Tammann and W Hirschberg measured the sp gr of ethyl alcohol soln. 
A FleckenBtem’s data for the solubility of the salt m 100 parts of solvent— methyl 
or ethyl alcohol — are shown in Tables LXII and XXIII. The solubility in methyl 
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Table LXII — Solubility oip Ammonium Nitrate in Ethyl Alcohol-Water 

(A Flecilenstbin) 


Alcoliul 
Cpei cant ) 

o 

CO 

36° 

40° 

46° 

60° 

65° 

0 

S 

66° 

70° 

76° 

80° 

100 

3 8 

46 

6 26 

5 9 

64 

70 

7 7 

82 

8 9 

9 5 

10 1 

93 69 

88 

98 

11 0 

12 0 

13 1 

14 6 

15 8 

17 8 

! 20 2 

23 1 

26 0 

86 77 

13 6 

16 2 

38 8 

21*2 

24 0 

27 0 

30 3 

34 6 

40 0 

47 2 

55 0 

76 12 

30 2 

36 1 

40*5 

48 6 

53 6 

62 0 

71 0 

8 10 

— 

— 

— 

62 82 

60 6 

69 6 

79 6 

91 4 

104 0 

116 0 

— 

— 

— 

• — 

— 

61 65 



102 0 

1140 

138 0 

144 0 

161*6 

181 4 

206 0 

— 

— 

— 

40*87 

120 2 

136 4 

162 8 

170 0 

189 6 

213 0 

240 5 

2714 

— 

— 

— 

26*81 

— 

179 0 

196 0 

217 0 

242 6’ 

272 0 

310 0 

■ — 

— 

— 

— 

0 

231 0 

254 0 

277 0 

3140 

* ■ 


T 






alcohol is thus greater than in ethyl aieohol The change in the solubility of the 
salt in ethyl alcohol with a riBe of temp is small and linear , with methyl alcohol, 
the solubility increases faster than the temp Additions of ethyl alcohol to water 
lower the solubility of ammonium mtrate, while additions of methyl alcohol raise 
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the solubility of the salt H. Schiff and U. Monsacchi have measured the sp gr. 
of the soln. m methyl alcohol , 0 Humhurg, the molecular magnetic rotation, and 
the conductivity W H. Krug and K P McElroy found ammonium mtrate to 
be very soluble in acetone 


Table LXIII. — Solubility op Ammonium Nitrate in Methyl Alcohol- Water 

(A Fleckenstein) 


Alcohol 
(per cent ) 

30° 

35° 

40° 

45° 

50° 

55° 

60° 

100 

20 0 

22 8 

25 1 

28 0 

31 5 

35 4 

39 6 

83 75 

41 0 

47 2 

54 4 

02 3 

71 6 

82 0 

94 0 

73 04 

60 0 

70 1 

81 0 

92 5 

106 0 

119 0 

135 6 

60 39 

92 5 

105 0 

118 3 

134*0 

151*0 

1G9*8 

190 4 

53 23 

1172 

133 0 

ICO 5 

169 5 

101 0 

215*0 

242 0 

24 83 

__ 

200 0 

221 0 

244 0 

270 3 

299-0 

. — . 

0 

231 0 

254 0 

277 0 | 

314 0 1 

4 " 


— * 


Lite other a mmo nium salts, the nitrate gives off ammonia and becomes acid 
when exposed to the air or when heated, and as J P Emmet 16 showed, it then pos- 
sesaesan acid reaction . NH 4 N0 3 a O M=HN0 3 +NH3 — 41 3 Cals Molten ammonium 
nitrate decomposes into nitrous oxide and water * NH4NO3 — According 
to M Berthelot, the heat of decomposition of the solid is 29 5 Cals, at constant 
press (liquid water), with gaseous water the heat of the reaction is 10'2 Cals , 
according to J. Thomsen, the heat of the reaction at constant press (liquid water) 
is 30 26 Cals 8. U Pickering noted that the development of gas bubbles can be 
first detected between 185° and 186° , V. H Yeley, at about 210° , W Smith, 
at about 170° ; J* Legrand, 190°-200° A. Pleisch found that the gas is copiously 
evolved at 260°, and some salt sublimes unchanged, and J. Legrand says that 
the salt boils without decomposition at 180° J H Niemann found that ammonium, 
mtrate is decomposed by heat when it is confined in a tube under press. If the 
temp does not rise above 200°, some salt escapes decomposition by subliming to 
the cooler parts of the containing vessel in fine crystals. According to R Reib, 
the salt can be distilled without decomposition in vacuo, and it then boils at 210°. 
Y. H. Yeley found that the rate of decomposition of ammonium nitrate into nitrous 
oxide and water is dependent not only upon the mass of salt undergoing decom- 
position, but also upon the proportion of free nitric aoid present If the reaction 
of the salt he rendered alkaline at starting, the rate of decomposition gradually 
increases, while the proportion of free acid increases , a period of maximum velocity 
is then readied, corresponding to the greatest proportion of free acid ; from this 
point the rate decreases very slowly, while the proportion of free acid also decreases. 
An excess of ammonia obtained either by passing in the gas, ot by the addition of 
a basic oxide, will completely stop the reaction, even at temp. 50°~60° above the 
normal point of its decomposition. If the reaction of the salt be rendered acid at 
starting, the Tate of decomposition gradually decreases, while the proportion of 
acid gradually decreases After heating the salt for about 13-16 hours, the iate 
of change becomes practically constant. V. H Veley also found that the speed 
of the reaction is augmented m the presence of finely divided glass dust, graphite, 
etc L. A. Buchner says that spongy platinum accelerates the decomposition of 
the fused salt with the evolution of nitric oxide alone. N* A. E Mdlon and 
M. J Reiset found that when platinum black is mixed with the salt, nitrogen is 
given off by the decomposing mass — according to M Berthelot, by the side reaction : 
6NH4N0 8 =4N 2 4-9H£0+2HN03. E B R. Prideaux and R. M. Caven have found 
that the hydrolysis of ammonium nitrate which occurs when an aq. soln of this 
salt is evaporated in an acid-resisting vessel is very small .and the Iobs is consequently 
inappreciable. There is considerable loss of ammonia when ammonium nitrate 
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boIh is evaporated m contact with iron, accompanied by corrosion of the iron and 
consequent pollution of the residual salt This is due to interaction between the 
iron and the hydrolytic nitric acid, with concomitant loss of ammonia The 
substitution of aluminium for iron as the material of the contai nin g vessel almost 
entirely obviates loss of a mm onia because of the inertness of this metal towards 
nitric aoid 

In addition to the three modes of decomposition just indicated the salt can 
also decompose mto nitrogen peroxide, nitrogen, and water 4:KH 4 N‘0 Ss oUd s =SN a 
+N2O4+8H2O+29 5 Cals There is also a possible formation of nitrogen tnoxide : 
3NH4NOgqoiid =:::= 2N2d - 6E[20iiqxud~i - N2^3”i - ^ 5 Cals If the salt be superheated, 
especially from 230° upwards, the decomposition becomes more and moxe rapid, 
and ends by becoming explosive at the same time as the salt becomes incandescent. 
According to M. Berthelot, the explosive reaction : 2NH4N0 3 =2N 2 +4:H20+02, 
is brought about by suddenly heating the salt to a very high temp under great 
press , and it requires a strong detonator — e g , according to 0. A. L de Bruyn, 
by mercury fulminate , the explosive reaction: 2NH 4 N0 3 =N 2 +2N0+4H 2 0, 
occurs with the aid of a weak detonator , while the reaction : NH 4 N0 3 =N20 
+2H 2 0, ocours when the salt is gradually heated without any marked increase 
of press. M Berthelot also found that the product of the heat of the reaction, Q v , 
with the volume of gas — 7 litres — produced in the reaction (water as vapour), 
represents the maximum work performed by the explosion Eor the first-named 
reaction, Q„=421 Cals, 7=976, and <2„7=41 1,000 , for the second reaction, 
Q v ~ 140 Cals, 7=976, and <^7=137,000; and for the third reaction, Q v — 151 
Cals , 7=836, and <^7=126,000. This agrees with facts in so far as the first of 
the three explosive reactions is the most violent, and the last-named reaction 
least violent. There are thus, at least, seven different ways in which ammo mum 
nitrate can decompose — some of these proceed as concurrent or side reactions 
J J. Berzelius, for instance, says that if heated so strongly that the vessel becomes 
filled with white fumes, nitric oxide, ammo mum nitrate, and free ammonia are 
evolved as well as nitrous oxide "When rapidly heated by throwing the powdered 
mtrate on a red-hot porcelain plate or red-hot crucible, it burns with a very slight 
noise — hence the old name rntrurn flammens — and giveB off water, nitrous acid, 
and nitrogen gas. According to A Pleisoh, if mixed with an equal weight of 
calcium chloride, and heated, nitrous acid, chlorine, and nitrogen gas are formed, 
then ammonium chloride sublimes, and calcium chloride mixed with some calcium 
oxide remains ; a mixture of equal weights of ammonium nitrate and potassium 
chloride under similar conditions gives nitrogen, chlorine, sublimed ammonium 
chloride, and a mixture of potassium chloride and mtrate. 

Ammonium mtrate may decompose with explosive violence when heated with 
reducing agents, but a strong initial impulse is usually required to start the explosion 
G. Both patented an explosive made from a mixture of aluminium powder 
and ammonium mtrate. Most of the metals are oxidized by the fused salt. 
J P Emmet 17 found that zinc dissolves as rapidly in the fused salt as in an acid, 
and evolves so much heat that the temp of the mixture rises rapidly to 260°, when 
nitrogen, ammonia, and water are given off, but no nitric or nitrous oxide ; lead 
also is rapidly oxidized ; antimony, bismuth , mckel , copper, and silver are oxidized 
slowly , arsenic, tin, iron, and mercury are not affected L. A Buchner says that 
silver is oxidized with the, evolution of nitric oxide, and the formation of ammonium 
silver nitrate ; W. B. E Hodgkmson and A. H Ooote say that iron and aluminvum 
are not attacked ; and that with cadmium, nitrogen is evolved. H. Morin studied 
the aotion of cadmium on fused ammonium mtrate, which results m the formation 
of a complex nitrate According to J. P. Emmet, a fused mixture of ammonium 
mtrate and chloride dissolves most of the metals, including gold, platinum, rhodium, 
and indium ; and many metal oxideB and minerals — e.g. titaniferous schorl, chrome 
iron ore, pitchblende, and molybdenum sulphide Ammonium mtrate explodes 
when thrown on red-hot oharcoal. B. E. Marchand found that if phosphorus be 
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projected on the fused salt, it burns brilliantly, forming phosphoric acid — if the 
phosphorus be in excess, phosphorus pentoxide is formed J P. Emmet found 
that sulphur can be fused with the salt without reaction 

Soln of ammonium mtrate are reduced by many of the metals W R. E Hodg- 
Innson and A H. Coote say that cadmium dissolves m the ice-cold soln without 
developing any gas, and the soln contains a nitrite, and when heated to 100° 
nitrogen is evolved , zinc and magnesium react slowly m consequence of the forma- 
tion of a sparingly soluble double salt , nickel and copper also react very slowly , 
while lead is soon covered by a crust of lead nitrate , aluminium , iron , silver , and 
mercury are not perceptibly attacked E Ramann, however, found that iron 
reduces the soln. of ammo mum mtrate : 2NH4N03+Fe=Fe(N0 3 )2+2NH3+H a 
No hydrogen is evolved, because, said E Ramann, it is spent m reducing the nitrate 
to nitrite 


Ammonium mtrate mixed with litharge expels ammonia from the solid salt at 
ordinary temp T. J Pelouze found that when ammonium nitrate is treated with 
a little sulphuric add , ammonium sulphate and mtric acid are formed ; the same 
result obtains with the dried salt m fifty times its weight of stilphuno acid provided 
the temp is below 120° ; but at 150°, mtTous oxide mixed with a little nitric oxide 
and nitric acid vapour is evolved and sulphuric acid and water remain If the 
salt be mixed with ten times its weight of sulphuric acid, about 75 per cent of the 
salt forms mtnc acid and ammonium sulphate, and 25 por cent forms nitrous 



oxide and water G 0 Webor repoited that 
during the cone of an aq soln. of ammonium 
mtrate mixed with acetic acul } the whole mass 
ignites spontaneously, almost explosively, at a 
certam stage of the process — the roaction ib a case 
of the ignition of hydrogen at the expense of the 
oxygon of the nitric acid A little ammonium 
mtrate in contact with fused potassium nitrite , may 
produce incandescence, and from a Bimilar cause 
J H Gladstone and A. Tribe, and J. W Gatehouse 
found that a cold soln of ammonium mtrate is 


reduced by electrolysis, or by the copper-zinc couple 


Fig 87 — Fusion Curves ot the forming ammonia ; if the soln. is hot, some nitrogen 

~HNX> Sy8tem ’ NH ‘ N ° 3 peroxide is formed. 

8 Ammonium mtrate has a sharp, bitter, un- 

pleasant taste Its physiological action has been studied by T, Case 18 The salt 
is used in making freezing mixtures ; m the manufacture of explosives , and in the 
preparation of nitrous oxide gas. 

Ammonium mtrate is able to unite with mtric acid forming complex aoid salts. 
They are formed by dissolving ammonium nitrate in mtric acid Two of these 
salts were prepared, in 1879, by A. Ditte, ammonium dihydro-triiutrate, 
NPySTOg 2HNO s , or NH^CNOs^, which melted at 18°, and ammonium hydro- 
flmitrate, NH4NO3.HNO3, or NH 4 H(N0 3 ) 3 , which molted at 9° The trinitrate 
prepared by E GroschufE was in the form of prismatic needles, melting at 29*5° , 
the dmitrate forms thin six-sided plates, melting at 12°. A. Ditte’s m p. are lower 
than E GrosobufE’s R Engel 10 showed that the solubility of ammonium mtrate m 
water is at first lowered by the addition of nitric acid, down to a minimum ., and is 
then raised The reduced solubihty is supposed to bo in accord with the general 
effect of like ions on the solubility of a salt, and this is later counterbalanced by 
tbe formation of complexes E Bouty studied the electrical conductivity of soln 
ol ammonium mtrate m mtrio acid 


E Groschufi studied the binary system NB4NO3 — HNOg over a range of temp. 
10 to 70° , and he prepared the solubility or fusion curves shown in Fig ^ 87 
The solubihty of ammonium nitrate in nitno acid is expressed m mols of the salt 
in 100 mols. of nitnc acid : 
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8° 29 5° 16 6° 4° 11° 12° 116° 

21 1 50 0 93 5 60 7 84 3 95 1 108 0 

NH 4 NOa 2IOTO, NH t N0 3 HNO a (labile) 

After passing through the euteotic rmnimum at 16° shown in the diagram, tli« 
curve rises to a maximum 29 5°, which represents the m p of the trinitrate If 
fche soln be rapidly cooled to 10°, the eutectic does not appear, and by slowly cooling 
the liquid to 6° the dinitrate separates, and the unstable dimtrate so formed has a 
mp. 12° which appears as a maximum on the curve, Fig 87 The dimtrate, 
NBy^Og HM) S , is decomposed by water, hut the solubility of ammonium trinitrate, 
NH^HOg 2HNO s , has been determined Representing the solubility m mols of 
NH4NO3 2HNO3 (as solid phase) per 100 mols of total soln (NHiNOg 2HHO3-I-H2O): 

— 8 C w-2 5° 3 0° 8 5° 19 5° 26° 20 5° 

Salt . . . 22 0 23 1 24 3 25 7 29 0 31 0 *> 

The results are represented by the dotted curve. Fig, 87, which ends at 29 5°, the 
m p of the salt 

F A H Schrememakers and P. H. J. Hoenen 20 found that aq soln of ammo- 
mum sulphate and nitrate furnish two complex salts, amm onium nitrato -sulphate, 
(N^gSO^NH^NOg, and ammonium dimtrato-sulphate, (NTI 4 ) 2 S0 4 2KH 4 H0 3 
Both salts are decomposed by water, but are stable in the presence of an excess 
of ammonium nitrate. 

In his memoir : On the union of ammonia nitrate with ammonia (1873), E. Divers 21 
showed that dry ammonium nitrate absorbs considerable quantities of ammonia 
gas, forming a colourless, mobile liquid whose composition changes with the temp. 
an(J press, at which the absorption occurs. The change may be likened to the 
deliquescence of a salt m moist air The liquefaction occurs more rapidly if the 
absorption occurs at 0°. The soln has been called Divers ’ liquid , and it has the 
property of being able to dissolve more ammonium nitrate, and this the more the 
higher the temp , but the salt loses its power of absorbing ammonia as the temp 
rises F. M. Raoult measured the amount of ammonia absorbed by 100 grms. 
of the salt at a press of 760 mm and found : 

—10* 12° 18° 28° 28 5° 30 5° 40 5° 79° 

Grms NH 8 , . 42*50 33 00 31 50 23 25 21'25 17 50 6 00 0 50 

Liquid Solid 

L Troost believed that two definite compounds were formed, ammonium sesgui - 
a mmino-mtrate, 2NH 4 N0 8 3NH S , which is solid below — 22° ; and ammonium 
triamMino-mtrate, NH^NOg 3NHg, solid below — 65° F. M. Raoult also inclined 
to the view that definite compounds are formed, because the proportion of ammonia 
absorbed between 12° and 18° is constant 32*8 grms per 100 grms of the nitrate, 
while the amount falls from 4=8 grms. to 32 8 between 0° and 12° 9 and from 32 0 
to 18 0 grms between 18° and 30°. The ammonia absorbed in tbe region between 
12° and 18° corresponds with L Troost’s sesqui-ammmo-compound B Kuriloff 
has shown that the vapour tension rises from 90 mm. at —30° to 365 mm. at 0°, 
and to, 930 mm, at 25°. The constancy m the vapour curve at 360 mm corresponding 
with the sesqui-ammmo- compound represents a sat soln of ammonium nitrate 
m ammonia. B Kuriloff also interpreted the curves showing the composition of 
the product with temp as indicated in Fig 88 The following is a selection from, 
the data showing the f p of mixtures containing the indicated number of mols. 
of ammonium nitrate per 100 mols. of the mixture N^NOg+NHg . 

Grm mol KH 4 NO a . 100 53 8 30 9 32'3 13'9 6 25 0° 

# Fp . . „ 168° 68 8° —10 5° —30° —44 5° —60° —80° 

Solid phase NH 4 N0 3 NH 4 (NH 3 )NOj 3 

It is therefore probable that in the range AB> Fig 88, a sat soln of ammonium 
nitrate in liquid ammonia is involved ; that the curve BCD covers the region of 
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stability of ammonium tnammmo-nitrate, NH 4 (NH 3 ) 3 N0 8 , that the maximum 
G at about —40° represents the m p. of this compound , that the eutectic B lies 
between NH 4 NO 3 and NH4(NH 3 ) 3 N0 3 ; and the eutectic D, between NH4(NH 3 ) 8 N0 3 
and NH a The curve IDE represents the drop m the fp of liquid ammonia by 
additions of ammonium nitrate The dotted portions of the curves are interpolated ; 
the circles represent observations These results were confirmed by J. Kendall and 
J. G Davidson. 

Heat is liberated during the formation of Divers’ liquid, the amount represents 
the difference m the positive latent heat of liquefaction of the ammonia, and the 
negative heat of soln of the nitrate E Divers measured the sp gr of liquid and 
found for soln. with 49 '55, 33 4, and 27 2 grms of ammonia per 100 grms of ammo- 
mum mtrate, at 15’5°, the numbers 1*07251, 1 1559, and 1 1996 respectively. 
J. E Schroder measured the eq. conductivity between the 17 8° and 18°, and 
found for soln with 12 25, 18*75, and 26*20 per cent, of ammonium nitrate, the 
respective conductivities A=110 6, 100 8, and 83*17 The conductivity is very 
similar to that of liquid ammonia soln. During electrolysis, E Divers founcl 
nitrogen to be evolved at the anode, hydrogen at the cathode, in the proportion 
1 : 3 by volume The chemical properties of Divers’ liquid agree with the hypo- 
thesis that it is a soln of ammonium nitrate m liquid ammonia E Divers, J Bronn 

and G Arth have qualitatively noted many of 
these Bromine dissolves liberating nitrogen ; 
iodine forms a solid mass — possibly N 2 H 6 I 2 . The 
metals potassium, sodium, cadmium, magnesium, 
zinc, and iron dissolve in the liquid, reducmg the 
nitrate to nitrite — potassium inflames on the liqpid 
as it does on water , copper and tin do not appear 
to be attacked. The action of phosphoric or 
chromic acid is not very energetic. Mercurous 
chloride forms metallic mercury , mercuric iodide 
turns white and then dissolves , potassium per- 
manganate readily dissolves, and is then slowly 
decomposed ; load and platinum salts form 
ammmo-compounds Ether causes a separation 
of the liquid into ammonia and ammonium 
nitrate. Ammonium carbonate , lead, calcium, 
and silver chloride , load iodide and nitrite ; 
potassium nitrite ; and sodium nitrate readily dissolve m the liquid, while potassium, 
sodium and mercuric chlorides ; potassium titrate , ammonium bromide, iodide, 
oxalate, and sulphate . and calcium carbonate are sparingly soluble m Divers’ liquid. 

E Rengade found that by adding a little water to a mixture of sodium nitrate 
a chlonde, only the ternary mixture of solid NaN0 3 — NH4NO3 
— NH4CI can exist without change at ordinary temp , and by adding crystals of 
sodium nitrate to a sat. soln. of ammonium chloride, or fyy shaking sodium nitrate 
(0 588 mol) and ammonium chloride (0 467 mol) with a little water, only the ternary 
mixture NaNO s NH 4 C1 — NaCl can exist under the same conditions A. Massink 
studied the ternary system (NH 4 ) 2 S0 4 -NH 4 N0 3 -H 2 0 at 0°, 30°, and 70°, 
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§ 39. Normal or Tertiary Alkali Orthophosphates 

C G Gmelm 1 prepared trihthium phosphate, Li 3 P0 4 , by adding a soln. of 
phosphoric acid to a soln of lithium carbonate — not the sulphate — J. J, Berzelius 
used lithium acetate in place of the carbonate C F Rammelsberg treated a soln. 
of a neutral lithium salt — chloride or acetate — with ammonium phosphate and 
ammonia Unlike the other alkali phosphates the sparmg solubility of kthium 
phosphate leads to the formation of a precipitate in all these cases W Mayer 
studied the precipitation of lithium phosphate from soln of kthium salts with a 
view to the employment of the reaction for the gravimetric deter mina tion of lithium 
in the presence of the other alkalies He found that when a clear soln of a lithium 
Balt with disodium or dipotassium hydrogen phosphate is allowed to stand, the 
mixture gradually becomes turbid The precipitation occurs more readily if the 
soln be neutralized with sodium ox potassium phosphate mixed with ammonia, 
and heated The evaporation to dryness of a mixture of a hthium salt of a volatile 
acid with sodium phosphate gives a residue of tiihthium phosphate . 3LiNO s 
+Na 2 nP04^Li 3 P04+2NaN0 3 +HE'03, from which the soluble nitrate can be 
removed by washing Ammonium phosphate and ammonia can be employed in 
place of the sodium salt, but the kthium phosphate is more soluble m the soln of 
the ammonium salt If the free acid be neutrakzed with sodium carbonate, the 
product will be contaminated with the admixed sodium salt, but no double salt of 
lithium with sodium or am mo mum phosphate, is formed under these conditions. 

Normal or tertiary sodium phosphate appears to have been first described by 
T Thomson in 1825 as a sodium phosphocarbonate It is doubtful if the salt can 
exist in aq soln , under ordinary conditions, without hydrolysis, Na 8 P0 4 +H 2 O 
^Na0H+Na 2 HP0 4 , so that an excess of sodium hydroxide ib required for its 
preparation m the wet way With eq proportions of acid and base, the crop of 
crystals had the composition 2Na s P0 4 Na 2 HP0 4 , and the mother kquid gave 
feathery crystals 18Na3P0 4 Na 2 0 According to J. H Smith, the best way of 
making trisodium phosphate is to mix the mixture 36H 3 P0 4 +37Na 2 C0 3 for the 
first stage of the process, and mix the pioduct with 38NaOH. E Mitscherhch 
obtained the tertiary salt hy calcining disodium hydrogen phosphate with an excess 
of sodium carbonate ; T Graham calcined phosphoric acid, or sodium pyrophos- 
phate, Na 4 P 2 0 7 , or sodium metaphosphate with sodium hydroxide, or boiled soln. 
of these salts for some hours. Accordmg to GL Dragendoiff, tnsodium phosphate 
is made by passing the vapour of phosphorus over heated sodium carbonate. The 
anhydrous salt is most conveniently made by heating the dodeoahydrate The 
cone soln., with sodium hydroxide in excess furnished hexagonal crystals of dode- 
cahydrated tnsodium phosphate, NagPC^ 12H 2 0. 0. F. Rammelsberg obtained 
octohedral crystals of decahydrated trisodium phosphate, NasPC^ 10H 2 0, from 
the waste liquor of soda works , and J A. Hall, and H. Baker obtained hepta- 
hydrated tr is odium phosphate from a soln containing equal weights of disodium 
hydrogen phosphate and sodium hydroxide, at about 77 . J. A Hall could not 
verify C F Rammelsberg 5 s dccahydrate, and J. d’Ans and 0. Schreiner found only 
the dodeoahydrate as a solid phase at 25°. 

T. Graham employed a similar process for tripotassium phosphate, K 8 P0 4 ; 
a soln of the cold mass in water furnished needle-hke crystals C. Darracq prepared 
what he thought to be tripotassium phosphate by fusing potassium dihydxogen 
phosphate, KH 2 P0 4 , with potassium hydroxide, but, according to L. Staudenmaier, 
the product is potassium metaphosphate, KPOg 

The sodium phosphates can be made on a largo scale from calcium phosphate or bone 
ash, the mineral phosphates, or Thomas slag Tho calcium phosphate or bone ash can be 
digested with sulphuric acid and the resulting phosphoric acid (i g v ) treated with sodium 
carbonate or hydroxide J Neustadtl treated tho bon© ash. with hydrochloric acid, and 
mixed the sola with Glauber’s salt, and neutralized tho filtered Boln with soda R Holver* 
scheit digested iron phosphate from Thomas slag with sodium sulphide under press L. Blum, 
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J T. Way, and T Twynam heated Thomas slag with soda, and extracted the alkali phosphate 
with water 1ST A» H^louis and 3VI Rychonnet, L Impel aton, and F Jean calcined a 
mixture of the phosphate with sodium sulphate and caibon , C Schwarz, and M B oblique 
heated the mineral with iron so as to make ferric phosphate, which was then heat-ed with 
sodium sulphate and carbon In each ot these oases the alkali phosphate was leached 
from the mass M. Drevermann treated the iron phosphate with sodium sulphide, 
C Clemm with potassium sulphide * 

J H. Smith prepared a senes of crystals of the basic salt 18NagPC>4 Na 2 0 
by crystallization from a soln with 4 per cent excess of sodium hydroxide Crystals 
of 6Na 3 P0 4 Na 2 0 were also obtained. There is nothing to show if chemical 
individuals, mixed crystals, or adsorption phenomena are here involved. 

E. von Berg prepared colourless prismatic crystals of tetrahydrated trimbidimn 
phosphate, Rb 3 P0 4 4H 2 0, by crystallization, over sulphuric acid, of a soln of 
two mols of phosphoric acid, and three of rubidium carbonate, and he obtained 
crystals of pentahydiated tncsesium phosphate, CS 3 PO 4 . 5H a O, m a similar manner. 
E. G Parker prepared tnhydrated tripotassium phosphate, K 3 PO 4 3H a O 

According to W Mayer, txilithium phosphate forms white pulverulent crystals , 
0 E. Rammelsbexg said that the precipitated salt contained 3 23 to 7 45 per cent, 
of water — calculated for 2 Li 3 P0 4 H a O, 7 19 per cent. — hall of which it loses at 200° ; 
and that the salt precipitated fiom lithium chloride soln. m the piesenco of ammonia 
contains 11*09 per cent of water L Ouvrard ob tamed rhombic pi isms oi tnlitlnum 
phosphate by crystallization from molten potassium phosphate, and A. de Bchulten 
obtamed rhomboidal plates, probably hexagonal, by ooolmg an aq soln. of the 
salt. The measurements of 0 P. Rammelsberg, and H. JDuIet show that the 
dodecahydrated tnsodium phosphate, Na^PO^ 12H 2 0, forms trigonal crystals, 
and H Stemmetz gave a c— 1 . 0 5394, and a=lll° 44'. H. Baker found crystals to 
be isomorphous with, the corresponding arsenate, Na 3 As0 1 12H 2 0, and vanadate, 
Na 3 V0 4 12H 2 0, which crystallize m the trigonal system C. E. Rammelsberg says 
that deoahydrated tnsodium phosphate, NagPO* 10H 2 O, form ootahcdral crystals. 
The crystalline forms of the other tertiary phosphates have not been recorded 

A. de Schulten gives the specific gravity of trihthium phosphate as 2*41 at 15° ; 
E. W. Clark gives 2*5111 (12°) for the sp gr. of trisodiuru phosphate winch has been 
fused ; and for the ordinary anhydrous salt, 2 5367 (17 5°), II. Dufct gives 1 6445 
fox the dodecahydrate, and H. SchifE 1 618, and L Playfair and J. P. Joule, 1*622 
(3°). H. SohifE’s values for the sp gr of 5, 10, 15, and 20 per cent. soln. at 15° 
are respectively 1 0218, 1 0445, 1 0681, and 1 0925. C. Porch found the coefficient 
of expansion of aq soln of tripotassium phosphate XlO 6 between ; 


Salt per litre 

. 0°— 5° 

6°— 10° 

10°— 15° 

15°~20° 

0 

7 

0 

<N 

25°— 30° 

106 grms. . 

- 209 

243 

279 

310 

344 

305 

212 grms 

. 326 

340 

356 

377 

394 

409 


P M. Raoult found the lowering of the freezing point of aq. soln. of trisodium 
phosphate to be 0*298° per grm in 100 grins of water, or the mol. lowering is 48*9 
G Tammann found the lowering oS the vapour pressure at 100° for soln. with 6*16 
gxms of Na 3 P0 4 per 100 grins, of water to be respectively 12 6 , 31*5, and 69*8 mm., 
17 47, and 45 31 According to L Ouvrard, trilithium phosphate sinters at a red 
heat, but its melting point is much higher— T. CarneUey gives 837°. 0. E. Rammels- 

berg says that decahydxated trisodium phosphate melts m its water of crystalliza- 
tion at 100 , and that it loses 48 71 per cent of water at 110°, and the remaining 
2*46 per cent at 150°. T. Graham found dodecahydrated sodium phosphate to 
melt at 76 7° ; T. W Richards and J B Churchill give 73'3°, and they proposed 
this temp, as a fixed point m thermometry. J. d’Ans and 0. Schreiner give 
70 75° ± 0 * 1 ° for the transition point The dodecahydrate was found by T, Graham 
to lose 55 19 per cent of water at a zed heat, and the remainder when re-powdered 
and re-oalcmed , while, according to 0 E Gerhardt, the salt loses 5*2 per cent., eq, 
to one mol of water at 100°, and not all is lost at 200°. According to M. Amadori. 
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anhydrous tripotassium phosphate melts at 1340°. M Amadori found the system 
KF— K3PO4 has a euteotio at 766° (20 mols per cent K 8 P0 4 ). and there is a further 
development of heat at 700°, probably due to the decomposition of a compound* 
The system KO— K 3 P0 4 gives no indication of the formation of a definite compound. 
T Graham, and M Berthelot and W Louguimne found the heat of neutraliza- 
tion : 2H 3 P0saq-|-3K20aq=36 9 Cals , and for the sodium salt 34 03 Cals. ; 
M Berthelot gives 33 6 Cals. M Berthelot and W Louguimne give for the heat 
of formation of trisodium phosphate from its elements 452 4 Cals ,and for tnpotas' 
sium phosphate in aq soln 483 6 Cals A Joly gives — 14 5 Cals for the heat 
of solution of dodecahydrated trisodium phosphate in 670 mols of water at 18° 
to 20° H Baker found the index of refraction of dodecahydrated trisodium 
phosphate for the ordinary and extraordinary rays of Bodium light to be respectively 
1 4486 and 1 4539 ; and H Dufet found respectively 1 4458 and 1 4524. E. Doumer 
found the sp optical refraction of a dil soln. of trisodium phosphate to be 0*392, 
and the mol refraction, 64 3, E. G Parker found the crystals of anhydrous and 
tnhydrated tripotassium phosphate to be biaxial. E E Brooks found that when 
exposed to the cathode rays kthium phosphate phosphoresces a bright light 
Cambridge blue 

The electrical conductivity of trisodium phosphate soln has been measured by 
E. Bouty at 14° ; by M Berthelot at 17° ; and by P Walden at 25° M Berthelot 
finds the mol. conductivities, ft, for a mol. of the salt m v litres of water : 


V 

* 

. 6 

10 

20 

60 

zoo 

200 

500 

/wNaaPO* 

• 

. 49 ‘2 

60 4 

71 2 

81 5 

87-4 

90 6 

91*0 

i*K 3 P0 4 

* 

. — 

74 6 

86 2 

07 9 

105 6 

107 5 

108 4 


With high dilutions P. Walden found the increase with dilution is very small and 
finally decreases, showing that the salt is completely hydrolyzed. W. Hittorf 
measured the transport numbers of the 10ns of the sodium salt. 

So far as data axe available the solubilities of the normal phosphates appear 
to increase m passmg through the alkali family from lithium to ccesium phosphate. 
W Mayer says that 100 grms of water dissolve 0 034 grm of trilithium phosphate 
at 18°, and 100 grms of about 1 6A-ammomacal water 0 026 grm. ; the salt is 
much more easily soluble m the presence of ammoniacal salts, and is precipitated 
by boiling suoh soln with alkali hydroxides According to W Mayer, G F. Ram- 
melBberg, and A de Schulten, trilithium phosphate is readily soluble m dil hydro- 
chloric, sulphuric, and even acetic aoid, and barium hydroxide precipitates barium 
phosphate, leaving the lithium salt m soln The solubility of trisodium phosphate 
m water is given by G. J. Mulder and A. B Poggiale m grams of salt per 100 grms 
of water : 

0 ° 10 ° 20 ° 25 ° - 80 ° 40 ° 60 ° 60 * 80 ° 100 ° 

Grms. JSTagPO* . VS 4*1 110 IS 5 20 31 43 65 81 108 

The solid phase is the dodeoahydrate — see Fig 86 — O. Apfel said the solid phase 
between 0° and 30° is the dodecahydrate , between 30° and 50°, the decahydrate ; 
and between 50° and 75°, probably the octohydrate T. Graham gave 19 6 at 15 5 U , 
and H Schiff 10*5 at 16 . C. Darracq says tripotassium phosphate is sparingly 
soluble in cold water, but readily soluble in hot water. E. von Berg’s tetrahydrated 
fcnrubidium phosphate is very hygroscopic and very soluble in water, likewise the 
pentahydxated tricaesium phosphate. H Arctowsky found anhydrous trisodium 
phosphate to be insoluble in carbon disulphide 

The aq. soln of trisodium phosphate reacts alkaline to methyl orange, phenol- 
phthalein, and litmus , and neutral to Porrier's blue. The aq soln of trirubidium 
and tricsesium phosphates also react alkaline. J. Shields, J M. van Bemmelon, 
and A Kossel found that in aq soln , trisodium phosphate is almost completely 
hydrolyzed by water into disodium hydrogen phosphate and Bodium hydroxide 
E Salm calculated that the degree of hydrolysis is about 23 per cent of the 
sodium or 70 per cent, of thePO* ; E. Blanc that 34*1 per cent, of aO 012iV-soln. 
VOL. II, 3 I 
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is hydrolyzed at 25°. 0. F. Rammelsberg obtained disodium hydrogen phosphate 

and sodium carbonate by recrystallizmg the salt from water in an containing 
carbon dioxide. T Graham found that carbon dioxide converts a soln. of trisodimn 
phosphate into a mixture of disodium hydrogen phosphate and sodium carbonate, 
and other feeble acids also remove one-third the sodium. E. Filhol and 
J B Senderens found that aq soln of sodium phosphate when boiled with flowers 
of sulphur, react : 2S 2 +3H 2 0+6Na3P04=2Na2S+Na 2 S 2 0 8 +6Na 2 HP0 4 , and 
similarly with the potassium salt. With the sodium Balt, the reaction continues 
until the so-called sodium sesquiphosphate is formed B. W Gerland says the 
crystalline salt, NasPC^ 12H 2 0, rapidly absorbs sulphur dioxide, forming a syrupy 
liquid from which sodium hydrogen sulphite crystallizes Alcohol precipitates 
oily monosodium dihydrogen phosphate from the mother liquid, and the alcohol 
retains the sulphite. T Graham found that ammonia is evolved when ammonium 
nitrate is treated with tiisodium phosphate ; and that silver nitrate precipitates 
trisilver phosphate, AggPO*, leaving the liquid neutral For the action of hydrogen 
peroxide, see the perphoBphonc acids. According to G Merlrng, trihthium 
orthophosphate decomposes with the evolution of ammonia when boiled with 
ammonium chloride soln., Li 8 P04+2NH4C1 =LiH 2 F04H-2 LiC 1+2NH 8 

E. Filhol and J. B Senderens 2 found that if phosphoric acid be exactly neutral- 
ized with sodium hydroxide, and the soln be evaporated in vacuo over sulphuric 
acid, rhomboidal prisms of tnhydrated tnsodium trihydrodiphosphate, or sodium 
sesquiphosphate, NagPCVHsPC^ 3H 2 0, or Na 8 H s (P 04) 2 3H 2 0, are. formed ; at 
110° the crystals lose all their water of crystallization without melting, and form 
Na^PO* H3PO4 , at 200°, they lose the combmed water, melt, and on coolrng form 
an opaque enamel E Filhol and J B, Senderens also obtained the pentadeoa- 
hydrated sodium sesquiphosphate, NagPO^ H s P0 4 15H 2 0, by evaporating the 
soln obtained by boiling sulphur with a soln of Bodium phosphate at ordinary 
temp, in a stream of dry air The crystals melt at 55° m their water of crystalliza- 
tion E Filhol and J B Senderens also made prismatic needles of what they 
regarded as a potassium sodium sesquiphosphate, KgPC^.NasPC^ 2H3PO4 22H 2 0, 
but there is no evidence to show that this product is a chemical individual. Sodmrn 
tn-, tetra- and deca-phosphates are described in connection with the corresponding 
acids. 

Compounds of the trialkali orthophosphates with the alkali fluorides have been 
prepared. Thus, H. Briegleb 8 obtained dodecahydrated tetrasodium fluo- 
phosphate, Na 3 P04.NaF.12H 2 0, by the action of soda lye on a mixture of sodium 
fluoride and trisodium phosphate , by melting fluorspar, tetrasodium pyrophosphate, 
and sodium hydroxide, and, after boiling the powdered mass with water, evaporating 
the aq. soln , and by boiling cryolite with tnsodium phosphate and sodium hydroxide, 
filtering off the alumina, and evaporatmg for crystals. Strong boiling is to be 
avoided, smee it is liable to decompose the compound with the separation of sodium 
fluoride The octahedral crystals belong to the cubic system, their sp gr. is 
2*2165 ; they melt with decrepitation when heated ; and 100 grms of water dissolve 
12 grms of the salt at 25°, and 57*5 grms. at 70° forming liquids with the respective 
sp. gr. 1 0329 and 1*1091. A. Baumgarten used different proportions and prepared 
octahedral crystals of 2Na 8 P0 4 NaF (19 and 22)2^0. 0 F. Rammelsberg also 
prepared octahedral crystals of the composition 2Na3P04.3NaF.36H 2 0. The system 
K 3 P04 — KF has a eutectic at 766°, and 20 molar per cent, of the phosphate, and 
there is a development of heat on the solid at 700°, due to the decomposition of a 
compound R. F Wemland and J. Alfa prepared a potassium fluophosphate, 
P(0-K) 3 (OK)F, or H3PO4 KF, by evaporatmg a soln of tnpotassium phosphate and 
potassium hydroxide in 40 per cent hydrofluoric acid, and afterwards crystallizing 
the soln. ; by cooling a soln. of potassium hydroxide and phosphorus pentoxide in 40 
per cent hydrofluoric acid. The crystals are monoclinic plates which, according 
to H Zimgiebl, have the axial ratios a :6.c=0 8501 : 1 0*6268, and 0=101° 5'. 
The crystals are stable in dry air, but in moist air they lose hydrogen fluoride, and 
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leave potassium metapL.osph.ate They cannot be recrystallized from water. 
Warm sulphuric acid leads to the evolution of hydrogen fluoride. Rubidium 
fluophosphate, P(OH) 3 (ORb)F, and caesium fluophosphate, P(OH) s (OCs)F, were 
likewise prepared by R. P Wemland and J. Alfa 

P. Chretien prepared small prismatic crystals of lithium iodatophosphate, 
3Li 2 0 P 2 0 6 18I 2 0 5 11H 2 0 , sodium iodatophosphate, 6Na 2 0 P 2 0 6 18I 2 0 5 5H 2 0 ; 
and of potassium iodatophosphate, 4K 2 0 P 2 0 6 18I 2 0 6 5H 2 0, by adding iodic 
acid to a syrupy soln. of monoalkalidihydrophosphide m phosphoric acid at 160°. 
The soln. is cooled slowly The crystals decompose with the separation of iodic 
acid when digested with water J H Smith prepared clusters of hair-like crystals 
of what he considered to be sodium carbonato-phosphate, Na 3 P0 4 2Na 2 C0 3 , and 
he suggests that its constitutional formula may be : 

(NaO) 3 =P<°>C=(ONa) 2 
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§ 40. Secondary Alkali Orthophosphates 

In 1735, Jean Hellot 1 prepared a salt from urine, which he regarded as a kind 
of gypsum ; F. G. Haupt described this salt m his Diatribe chermca de sale unn<B 
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‘peilalo mwabik (Regiomont, 1740) The name jp&latum seems to have had re- 
ference to the greasy pearl-like colour of a bead of the salt fused m the blowpipe 
A S Marggrafi examined the salt in 1745, and concluded that although it did not give 
off phosphorus when heated with carbon, yet it contained phosphoric acid In 1757, 
J H Pott m his memoir on the urine salts considered it to be a kind of Glauber’s salt. 
H. M Rouelle, in 1776, and L J Proust, in 1778, showed that it contamed soda 

M. H. Klaproth, J E.Westrumb,andC W Scheele showed that the salt is an acid sodium 
phosphate, but L. J. Proust thought that the contamed acid was analogous with 
bone acid. T 0. Bergmann regarded it as containing a peculiar acid sui genens , 
derived from uxme, and to which he gave the name acidum jperlatum — porlatic acid — 
L. B. G. de Moxveau suggested foT it acide ow itique The work of T Graham showed 
more particularly that the salt is disodium hydrogen phosphate, Na 2 HP0 4 It 
occurs m the urine of carnivora, and m the blood of animals The salt was intro- 
duced as a medicine by G Pearson m 1792, in which case it acts as a mild purgative. 
A L Lavoisier prepared potassium phosphate by neutralizing Valcah vegetal with 
phosphoric acid, much as J. Hellot prepared the sodium salt by the action of 
Valcah rmntial. 

J. J Berzelius 2 recommended making this salt by adding sodium carbonate 
to a boiling soln. of phosphoric acid obtained from bone ash so long as effervescence 
continues. The liquid is filtered if necessary m order to remove any calcium or 
magnesium phosphate whioh may be precipitated The liquid is then evaporated 
for crystallization The salt is further purified by evaporating to dryness a soln. 
of the salt mixed with sodium carbonate ; the cold mass is leached with water, 
filtered, and recrystalhzed E. E. Anthon says any arsenic which may bo present 
is precipitated with the lime. In 1880, C E Rammelsberg found the commercial 
salt to contain vanadium E. Mitscherhch and T Graham made the salt by 
crystallization from a soln of phosphoric acid and sodium carbonato or acetate. 
Similar processes to those used for the tertiary sodium phosphate can be employed 
for preparing this salt from bone ash, natural phosphates, Thomas slag, otc. 

The dodecahydrate of disodium hydrophospliate, Na 2 HP0 4 .12H 2 0, crystallizes 
from cold soln E. J. Malaguti’s analyses gave 13H 2 0, but this is a mistake, for the 
work of T Clark, T. Graham, R. Exesemus, andR E. Marchand shows that the salt 
contains twelve molecules of water of crystallization. T Clark prepared the kepta- 
hydrate of disodium hydrophosphate, Na 2 HP0 4 .7H 2 0, in accord with his analysis. 

N. A Oiloff prepared xhombohedral crystals of the dohydrate of disodium hydro- 
phosphate by crystallization from a mixed soln of sodium bromate and phosphate 
between 40° and 45°. The, dodecahydrated disodium hydrophosphate, 
Na 2 HP0 4 12H 2 0, can be obtained by crystallization from aq soln. below 36*45°; 
between 36 5° and 48°, heptahydrated disodium hydrophosphate, Na 2 HP0 4 .7II 2 0 ; 
between 48° and 95 2°, dihydrated disodium hydrophosphate, Na 2 HP0 4 .2H 2 0, 
is formed ; and above 95*2°, the anhydrous salt is stable. H. von Blucher, and 
G. J. Mulder prepared anhydrous disodium hydrophosphate, Na 2 HP0 4 , by keeping 
the hydrated salt for many days in vacuo over cone, sulphuric acid, and T Clark 
obtained it by heating the hydrated salt to 100°— at 300° sodium pyrophosphate 
is formed. R. E. Marchand found no evidence of a salt with a higher degree of 
hydration than the dodecahydrate. J. H. Smith also reported a number of acid 
salts, Na 2 HP0 4 . NasP0 4 =17 : 1 ; 8:1; 6:1; 3:1, 3:2; and 1:2; but 
there is no evidence to show whether or not a senes of mixed crystals is 
formed. 

Anhydrous dipotassium hydrophosphate, K 2 HP0 4 , could not be obtained by 
T. Graham m the sohd crystalline condition , L. Staudenmaier always obtained a 
more acid phosphate by crystallization from soln, containing eq, quantities of 
potassium hydroxide or carbonate and pkosphono acid. No hydrated form has 
been prepared E G, Parker, and J. d’Ans and O Schreiner have studied the 
conditions under whioh potassium and sodium salts are formed as solid phases — 
vide Figs. 86 and 87. E. von Berg prepared dirubidium hydrophosphate. 
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Rb 2 HP 04 , by the interaction of eq quantities of rubidium hydroxide and ortho* 
phosphoric acid in cone aqua ammonia The resulting precipitate of ammonia 
rubidium phosphate loses all its combined ammonia in vacuo over sulphuric acid 
E von Berg prepared hydrated diceesium hydrophosphate, Cs 2 HP0 4 .H 2 0, in a 
similar manner. 


C F Rammel&berg prepared a salt corresponding with 2Li a HP0 4 Li 3 P0 4 with, one and 
two HjjO The conditions under which the salt is iormed are vague, and its solubility is 
stated to be 0 5 grm in 100 grins of water at 15°, and it is said to lose most of its water 
at 160°, all at 250°, and to melt at a higher temp 

The crystals of hep tat ahy drat ed dis odium hydrogen phosphate were found by 
H Dufet 3 to be isomorphous with the corresponding arsenate They form mono- 
climo prisms with axial ratios a : b c= 1 2047 .1:1 3272, and /?=96° 57'. He 
also found the crystals of the dodecahydxated salt to be monoclmic prisms with 
axial ratios a . b • c=l 7319 .1:1 4163, and £=121° 24'. Measurements of these 
crystals have also been made by E Mitscherlich, H. J Brooke, H Steinmetz, and 
C F Kammelsberg H Dufet and A. Joly have measured the rhombic bisphenoidal 
crystals of dihydrated disodium phosphate and found the axial ratios a .b : c 
=0 9147 : 1 : 1*5687 Soln. of dodeoahydrated disodium hydrophosphate were 
found by C Tomlinson, and J M. Thomson to be readily undercooled, and when crys- 
tallization occurs, much heat is evolved, and a mass of radiating crystals is formed. 

The specific gravity of dodecahydxated disodium 'hydrophosphate, 
Na 2 HP0 4 12H 2 0, by J Tunnermann is 15139; L Playfair and J. P. Joule 
1 525 (3°) , H. Kopp — for the salt which has been fused — 1*586 (0°) ; H. Schiff, 
1 525 ; H Buignet, 1 550 ; H Stolba, 1*5235 (15°) ; W 0. Smith, 1 535 ; H Dufet, 
1 5313 , and J Dewar, 1 5200 (17°). H Dufet also found for heptahydrated 
disodium hydrophosphate, 1 6789 ; and for the dikydrate, 1 848 ; N A OxlofE 
gives for the dihydrate, 2 066 (15°). The sp gr of aq. soln. at 16° were found by 
H Schiff to be : 


Per cent Na a HP0 4 12H,jO . • 2 4 6 8 10 

Sp.gr. . . . . . 1 0083 1 0166 1 0260 X 0332 1 0603 


H. Stolba found for a soln sat at 36°, 1*0511 ; and A Michel and L. Krafft, at 
15°, 1 0469 W W J Nicol found what he called the speoific viscosity — time of 
flow of the salt soln multiplied by 100, and divided by the time of flow of water 
at 20° — to be 405 4 at 20, 291*3 at 30°, and 220 3 at 40° for a soln nearly Bat at 30°. 

J Dewar gives 0*0000787 fox the coefficient oE expansion of solid dodeoa- 
hydrated disodium hydrophosphate, and H Kopp, between 5° and 35°, gives for 
the volume v at 0° when v 1 is the volume at 0°, v=ti 1 (l+0 0000830890— O*O o 47O990 2 
+0 O o 179740 s ), and for the molten salt between —37° and 68°, 0=^(1 +0 0004350) 
0 Forch gives for a soln of dipotassium hydrophosphate the coeff of expansion 
X 10 6 between . 


Sail per litre 
87 grms 
174 grms 
348 grms 


. 0°-5 


10°— 15° 

15°— 20° 

20°— 26° 

26°-30° 

30°-35° 

36°— 40° 

. 153 

196 

236 

272 

311 

244 

374 

404 

. 250 

277 

303 

331 

366 

376 

396 

416 

. 338 

349 

363 

379 

390 

405 

418 

432 


The melting point of anhydrous disodium hydrophosphate is stated by T. Clark 4 
to be at a red heab, when it loses 6 26 per cent, of water, and forms the pyrophosphate. 
He also says the pentahydrate loses 47 63 per cent, of water at 300°, and 3 47 per 
cent at a red heat. 0. C Person gives the mp of the dodecahydrate as 34 6°, 
and H Kopp 35°, when it increases 5*1 per cent m volume on melting T. 0 Whit- 
lock and C E Barfield say the water of crystallization is removed from hydrated 
disodium hydrophosphate by heatmg for one hour at 180°, while the constitutional 
water begins to come off at 230°, and is all expelled in one hour at 300°. H. Rose 
says that the water which begins to come off at 240° is simultaneously accom- 
panied by the passage of the salt into pyrophosphate. According to D. Balareff, 
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disodium hydrophosphate is dehydrated at 250°+2°, even in very moist air, and 
fchis is probably the mp of the salt He obtained pY-curves by heating the dehy- 
drated salt with water m a glass tube of known volume Pyrophosphate is formed 
under these conditions. C C Person gives for the latent heat of fusion of dodeca- 
hydiated disodium hydrophosphate, 66 8 cals, per gram, or 24,000 cals, per mol 
at 36 1°, and 0 454 for the specific heat between —20° and 2° ; and 0758 for the 
molten salt between 44° and 97°. The sp. ht. of the molten salt is thus greater 
than that of the solid salt J C. G. de Mangnao gives for the sp. ht of soln m 
100 and 200 mols of water (3 8 and 7 3 per cent ) betweon 24° and 55°, 0 9345 
and 0 9617. W Nernst and E. Koief and E. A Lindemann give 0 323 for the 
heptahydrated and 0 3723 for the dodecahydrated disodium hydro phosphate. 
C. H. Lees found no apparent break m the thermal conductivity of this salt on 
fusion. 

The heat of formation of disodium hydrophosphate from its elements is 413*9 
Cals , according to J. Thomsen, while M. Bertlielot and W Louguinine give 414*9 , 
With the progressive neutralization of phosphoric acid with sodium hydroxide, 
J. Thomsen found that 14 83 Cals, are developed with the first molecule ; this rises 
to 27 08 Cals with the second molecule, and to 34*03 Cals, with the third. M Borthelot 
and W Lougumme add that the first eq, of soda which combines with phosphoric acid, 
disengages a quantity of heat comparable with that attending the formation of the 
salts of strong acids. The second eq disengages much less, scarcely more than is 
produced m the formation of a bicaibonate. The heat liberated by the union of 
the third eq is still less, as its amount is comparable only with that set free in such 
reactions as the production of an alkaline phenate Rut the reaction docs not 
terminate abruptly with the third eq of base, for the total heat continues to increase, 
though m a rapidly decreasing ratio, with the quantity of base added, until 5 eq. 
are reached. M JBerthelot found the heat of formation of dipotassium hydro- 
phosphate in aq. soln. to be 429 2 Cals. The heat of solution of the dihydrate 
in 400 mols. of water is given by J. Thomsen as —0*4 Cal , and for the dodcca- 
hydrate, —22*8 Cals. ; L Pfaundler gives —22*9 Cals., and for the pentahydrate, 
110 Cals., and he also gives 28 0 Cals, for the heat of hydration of the anhydrous 
salt to the dodecahydrate ; J. Thomsen gives 28 47 Cals 

P. C. E. Fxowein found the dissociation pressure of the water of crystallization 
in dodecahydrated disodium hydrophosphate, passing into the heptahydral o, is 
4*61, 10*53, and 21 58 mm respectively at 6 8°, 17 28°, and 27°. The calculated heat 
of hydration of this salt in this interval is 2 221 Cals. ; L. Pfaundler found 2 234 
Cals , J Thomsen, 2 244 ; and P. C, E. Erowem, 2*242 ; H. Lescoour found the 
dissociation press, for the heptahydiate to be 90 mm. at 20°, and for the dodooahy- 
drate, 13 5 mm at 20°. T Clark found that the dodecahydrate effloresces rapidly 
in air between 11° and 17°, forming the heptahydrate H. Dcbray, L Pfaundler, 
A. Horstmann, H. H. Pareau, H. Schottky, R. E Wilson, and H. Brecht and K. 
Kraut have also investigated the vap. press, of this salt. Eor the transition 
0-2H 2 O, W Muller-Erzbach gave 1 4 mm , for the transition 2-7H O, H. W. Eoote 
and S. R Scholes gave 12*4 mm , W. Muller-Erzbach, 13 6 mm., and A, A, Noyes 
and L. R. Westbrook, 14 51 mm. ; and for the transition 7-12II 2 G, H. W, Eoote 
and S. R. Scholes gave 18 0 mm. POE. Erowein, 18 8 mm., H, Lescoour, 18*0 
mm., W. Muller-Erzbach, 17 6 mm , and A. A. Noyes and L. R. Westbrook, 19*13 mm. 

W. Muller-Erzbach slays that the chemical attraction of the salt to its water of 
crystallization between 13° and 62° is constant. G. Tammann found the lowering 
of the vapour pressure of solutions of disodium hydrophosphate at 100° for soln! 
with 7 52, 34 42, and 84*12 grins, of salt per 100 grins of water to be respectively 
12 8, 49*0, and 121*0 mm. G. T. Gerlach found the boiling point of solutions of 
8 6, 17 2, 51 4, and 110 5 grms. of disodium hydrophosphate in 100 grms of wator 
to be respectively 100 5°, 101°, 103°, and 106*5°. The last value probably repre- 
sents a supersaturated soln According to T. Griffiths, a sat. soln. of this same 
salt boils at 105° ; G. J. Mulder gives 105° to 106 4° ; and J. Legrand, 106*5°. 
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The lowering of the freezing point of solutions of disodium hydxophosphate has 
been measured by E M Raoult, who gives 0 260° for a gram of the anhydrous salt 
in 100 grins of water , and the mol lowering, 37 0 , E H Loomis found for soln. 
with 0 01001, 0 02003, 0 05008, and 0 1002 mols of the salt m a litre of water the 
respective mol depressions 5 0°, 4 84°, 4 60°, and 4*34°. This, says E. H Loomis, 
corresponds with an extensive ionization m dll soln Na 2 HP0 4 v=^2Na +HP0 4 ". 
According to A Ditte, when a mixture of equal parts of ammonium mtiate and 
dodecahydiated disodium hydrophosphate is triturated m a mortar, the temp, 
drops 18° ; E Rudorff says that 14 parts of the dodecahydrate m 100 parts of water 
lowers the temp from 10 8° to 7°, and to 3 7° H Duiet found the index of 
refraction of dodecahydxated sodium hydrophosphate crystals to be for Na-light 
1 4361 , of the heptahydrate, 1 4424 , and of the dihydrate, 1 4629. The optical 
refraction was found by E Doumer to be 0*292, and the mol refraction, 41 5 

The electrical conductivity of aq soln of disodium hydrophosphate has been 
measured by P Walden 6 at 25°, W Foster at 18°, E. Bouty at 14°, and M. Berthelot. 
The last-named found for a mol of this salt or of dipotassium hydxophosphate in v 
litres of water at 17° the mol conductivities : 

v ... 10 20 50 100 200 600 1000 00 

uNa,HP0 4 . 49 2 63 4 69 4 63 0 66*2 69 8 71*4 82 0 

£iK a HP0 4 . . 69 6 74 8 80 0 83 7 87 4 91 0 03 2 102*0 

The temp cocfh for normal soln between 18° and 26° is 0 0236. W. Hittorf 
measured the transport numbers of the 10 ns of the sodium salt A. Rius y Miro 
found that the electrolytic oxidation of potassium hydxophosphate probably occurs 
in two stages • K 2 HP0 4 ^K 4 P 2 0 8 ^2K 2 HP0 5 . 

The solubility of disodium hydrophosphate has been investigated by G J Mulder, 6 
H. Schifi, T Shiomi, J d’Ans and O Schreiner, W A Tilden, A B Poggiale, O Apfel, 
A. Muller, A Eerrem, N Neese, and D L Hammick,H. K Goadby, and EL Booth. 
According to G J Mulder, 100 grins of water dissolve : 

0 ° 10 ° 20 ° 30 ° 40 ° 50 ° 60 ° 80 ° 100 ° 

Grms Na a HP0 4 . 2 6 3 9 9 3 24 1 63 9 82 6 91 6 96 6 99 0 

Solid phase. . ~Na 2 HP07l2B: 2 0 2STa a HP0 4 7H 2 0 Na a HP0 4 2H a O Na a HP0 4 

The solid phases were worked out by J d’Ans and O Schreiner , and the general 
results are graphed m Fig 89 D L Hammick, H K Goadby, and H. Booth 
found that the dodecahydrate exists in two forms. 

The transition temperature of dodecahydrate 
/3-disodium hydrophosphate, stable at ordinary 
temp., into dodecahydrated a-disodium hydro- 
phosphate, is 29 6°, and this is marked by a well- 
defined break in the solubility curve. * 

G J Mulder says that the dodecahydrate ^ 
begins to melt at 35°, but is not completely liquid 1 
rmijil over 40°, so that the true m.p is between § 

40° and 41°, fox between 37° and 38° the salt K 
separates into a solid and liquid portion For 
the transition point, Na 2 HP0 4 12H 2 0^ 

Na*HP0 4 7H a 0+5H 2 0, C C. Person gave 36 4° ; 

H. Kopp, and W A Tilden, 35°; A E Baur, 

36 6° to 36 8° ; A. W C Menzies and E C 'gj.Q. 89 — Solubility of Disodium 
Humphrey, 35 2° ; T Shiomi, 36 45° , and Hydrophoaphate m Wator 
J d’Ans and O Schreiner, 35*4° ±0 05° D L 

Hammick, H. K. Goadby, and H. Booth gave 35° for the transformation of 
a-N 2 HP0 4 12H 2 0 to the heptahydrate T, Okazawa found the transition temp, 
is raised if sodium chloride be present For the transition point, Na 2 HP0 4 7H 2 0 
^Na ? HP0 4 2H 2 0+5H 2 0, T Shiomi gives 48° , J. d’Ans and 0. Schreiner, 48 35° 
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±0'06° ; and A W C Monzios and E. 0. Humphrey, 4 8 '5". For the transl. 
fcion point, Na 2 HP0 4 2H a 0^Na a If] > 0 4 -| till. A ), r l' Hhumii gives 92T )° • aD( j 
A, W. C. Menzies and E 0. Humphrey, 95°. Tim latter ill ho guve the eryokydrio 
temp. —0 5°, F Guthrie gave — 0 9° fora soln withl 9 gnus of the unhydruussalt 
m 100 grins of water. F. RudorJT gave —0 15", and I). JL Jlummick and oo- 
woikers — 0’47°. The solubility of the anhydrous wait doereusoK uh the temp, rises 
E. von Berg says that dirubidmm hydrophosphaio, RbJ IPO^-IILO, is' very 
soluble m water, and insoluble in alcohol ; and tlm hydrated euisiuni salt 
Cs 2 HP 0 4 .H 2 0 , is also very soluble m water, and tlio salt is not precipitated by 
ammonia 3 

J. d’Ans and 0. Soliromer find that m leriinry systems with variablo pro- 
portions of NaOH : H 8 P0 4 : H 2 0, at 515°, the five stable solul phases art* NaOH 21I«0 • 
Na a P0 4 12H 2 0 , Na 8 HP0 4 .12ll 2 0 , Na a HP0 4 .7n 2 (> ; and NaJl s I‘0 4 .2il a {) ; and 
the range of stability of each phase is indicated in the diagram where tho abscissae 
represent the number of mola. of r0 4 per 1000 grins, of soln. and tho ordinates 
the number of mols of Na per 1(300 grins, of soln. Similarly, J. d’Ans and 
0. Schremer, and E. G Parker find that with tho ternary system ; K Oil : J L I *( b : ILO 
the five stable solid phases are NOHSlIaO ; 1C 3 1*0 4 .;U I u <> ; K.,1’0 4 ; Klljl> 0 .j 
and KH 2 P0 4 H 3 P0 4 O Apfol measured tho solubility of disodmm hjdco- 
phosphate m water. J.d'Ans and 0. Sehreiner treated likewise tin 1 ternary system, 



* U,W ” ““ “™ (»W(> < .3II„0; 

"S* aq i SOb ^ disodium _ liydropkosphato is alkaline to litmus anti methyl 
orange, and neutral to phenolplithalom and Perrier's blue. Tlio soln. of tho imtas- 
mum rubickum and csssmm salts have an alkaline reaction. If. Kri'sbSS 

5>-soS ?as l 3 viS ST d tha n the 7 hydrolysis , of liiM iH l>»t small ; a 
*ii T 1 ,, , mols. per litre decomposed. At ordinary tenm aa soln 

ont £* B * able ® lnc ® tb ® tendency of tho IIPO/' ions to jmss into JW’oAma is 

W £? O-O&V^fn °1 <5* , TO CS“ t0 W to* K. SE 

ZT*} A f ° 012 , N r a ;. * hydrolyzed O-OGC por cent, at 25°. A. Boidiu ’ 
oSL Xkont' ^ hyjophosphato when heated form more or loss 

+nSpo • ^ d ?”un ‘hbydrophosjihato, Na 2 ]lP0 4 +H a (V*Na0H 

+ t a & decomposition is complete at 135°. a 

“ — *-£ * - &S: x p £ zt££gS£X 
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soda to NaHCOg in accord with. Na 2 HP 0 4 +C 0 2 +H 2 =NaHC 0 8 +NaH 2 P 04 ; 
as the cone, of salt increases, the proportion of hydrocarbonate formed id creases 
more slowly than the quantity of salt in soln. With acetic acid, R Presenilis 
found some phosphoric acid is set fiee , and 0 Henry and E. Soubeixan, and 
J W. Thomas found with strong acids, the phosphoric acid may be all liberated m 
a free state R Fresenms also found that when evaporated with nitric or hydro- 
chloric acid, and heated to 150°, a mixture ot disodium pyrophosphate, Na 2 H 2 P 2 0 7 , 
and sodium nitrate or chloride ; if heated to a higher temp, sodium metaphosphate 
is formed The carbonates oi manganese, zinc, magnesium, and the alkaline earths 
were found by A. Pr£bault and A Destrem to decompose disodium hydrophosphate 
soln , forming acid carbonate in the cold, hut the neutral carbonates if heated, and 
carbon dioxide is at the same time evolved A* Joanms found that disodinm 
hydrophosphate absorbs gaseous or liquid ammonia only very slowly H Rose 
found that soln of disodium hydxophosphate decompose ammonium chloride. 
T. Clark found that silver nitrate precipitates tnsilver phosphate, Ag 3 P0 4 , from 
soln of disodium hydrophosphate, and one-thrrd the nitric acid is sot free E Filhol 
and J B Senderens found that sulphur attacks soln of disodium hydrophosphate 
as indicated in connection with trisodium phosphate. D. Balareff found that 
when heated with thionyl chloride, S0C1 2 , the salt is partially dehydrated and 
partially converted into pyrophosphate. T Graham found that glass is attacked 
by boiling soln , and J. H. Smith specially noted the energetic action of sodium 
polyphosphide on glass, porcelain, platinum, nickel, and silica vessels. The 
reaction is very powerful at the fusion temp of the salt 

By neutralizing a soln of potassium ddiydrophosphate with sodium carbonate 
and crystallizing, E Mitscherlich 8 obtained crystals which he regarded as hepta- 
hydrated potassium sodium hydrophosphate, KNalLPO* 7H 2 0 , J. von Liebig 
also obtained a similar salt by adding sodium chloride to a soln of phosphoric 
acid neutralized with potassium hydroxide. The monochnic crystals are isomorphous 
with the corresponding sodium salt, and with the corresponding arsenates H Schiff 
says the crystals have a sp gr 1*671, and that they do not effloresce in air. It is 
not cleaT if a true compound or mixed crystals axe here m question. 
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§ 41. Primary Alkali Orthophosphates 

C. G. Gmelin (1819) 1 and C F. Rammelsberg (1849) prepared crystals of 
lithium dihydrophosphate, LiH 2 PQ 4 , by dissolving tnkthium phosphate m nitric 
acid, evaporating oS the excess of free acid, dissolving the residue in water, and 
evaporating the soLn. over sulphuric acid. The same salt was made by treating 
phosphoric acid with lithium carbonate, and evaporatmg the clear filtered liquid ; 
and also by evaporatmg a soln. of lithium acetate in phosphoric acid. Boiling 
precipitated trilithium phosphate with a soln, of ammonium chloride converts it 
into lithium dihydrophosphate, XiiH a P0 4 . 
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E. Mitscherlich prepared sodium dihydrophosphate, NaByPO^ by adding 
phosphoric acid to a soln of the disodium salt until the mix ture no longer gives a 
precipitate with banum chloride , the soln is cone by evaporation, and on standing 
some days, crystals of monohydrated sodmm dihydrophosphate, NaH 2 P0 4 H 2 0, 
separate out A Schwarzenberg added alcohol to a soln of disodrum hycho- 
phosphate m nitric acid, and found the same salt separated out in a crystalline 
form while sodium nitrate remained in soln J J. Berzelius found that if phosphoric 
acid be neutralized with sodium hydroxide, disodium hydrophosphate crystallizes 
first from the soln , and the mother liquid furnishes crystals of sodi um dihydro- 
phosphate He also found that if sodium hydroxide be mixed with an excess of 
phosphoric acid the excess may be removed by alcohol so that sodium dihydio- 
phosphate remains All these soln furnish crystals of monohydrated sodium 
dihydrophosphate, NaH 2 P 04 H 2 O. A. Joly and H Dufet found that if a warm 
soln of sp gr a little over 1 5 be cooled, it deposits crystals of dihydrated sodium 
dihydrophosphate, NaH 2 P0 4 2H 2 0 The same salt is produced by moistening 
the monohydrate The dihydrate readily forms undereooled soln at 20°, which 
always crystallize below 10° When the crystals of the dihydrate are dried at 100° 
m a closed vessel, they give the monohydrato , and T Graham found that if dried 
at 100°, the anhydrous salt, NaH 2 P0 4 , is formed E. G Parker, and J. d’Ans and 
O Sohremer have studied the conditions undeT which the potassium and sodium 
salts are formed as solid phases — mde Eigs. 90 to 92. 

E. Mitscherlich prepared potassium dihydrophosphate, KH 2 P0 4 , by adding 
phosphoric acid to a soln of potassium carbonate or dipotassium hydrophosphate 
until blue litmus paper is reddened and turned blue again on drying , this is evapo- 
rated until crystallization occurs E. von Berg prepared rubidium dihydrophos- 
phate, R,bH 2 P0 4 , by evaporation of a soln of equi-mol. parts of rubidium hydroxide 
and orthophosphoric acid, until crystallization begins, and finishing the evaporation 
over sulphuric acid ; and he prepared caesium dihydrophosphate, CsHgPO^ in a 
similar manner 

The preparation of these phosphates on a laTge scale has been the subject of 
investigations by T. Goldschmidt, C. V. Petraeus, H. Jay and M. Dupasquier, 
and Salzbergwerk Neu-Stassfurt. 0. Dobnn has pointed out that great losses 
of potassium salts occur when primary calcium phosphate is decomposed with 
potassium sulphate because of the formation of a sparingly soluble double salt — 
calcium, potassium sulphate, along with the calcium sulphate. C Dobnn therefore 
recommends first converting the calcium salt into the sodium salt, and afterwards 
treating the sodium phosphate with potassium sulphate 

0 G Gmelin 2 found the crystals of hthium dihydrophosphate are small 
transparent grains, whose crystalline form has not been established. The crystals 
of monohydrated sodmm dihydrophosphate were shown by E Mitscherlich to be 
dimorphous, both forms belonging to the rhombic system, E Mitscherlich, 
A. Soacchi, and H. Dufet have determined the crystallographic constants. The 
ordinary form has the axial ratio a : b . c=0 8170 : 1 : 0 4998, the other has the 
ratio a : b : c=0’9336 1 : 0 9624. The latter are isomorphous with the corre- 
sponding salt of arsemc acid, and they appear to be formed at a rather lower temp, 
than the other, and they axe more quickly altered by exposure to air. A. Joly 
and H. Dufet found dihydrated sodium dihydrophosphate to crystallize m xhombio 
sphenoids with the axial Tatios a : b : c=0*9147 : 1 . 1*5687. Potassium dihydro- 
phosphate forms tetragonal crystals which have been investigated by E Mitscher- 
lich, H. J Biooke, and H. de S6narmont. The axial ratio is a : c=l : 0 9391. 
H Baumhauer has studied the corrosion figures of the crystals, G. N Wyrouboff 
sayB that the microscopic examination reveals the existence of two foms, so 
that the salt is dimorphic not monomorphic. Eor the isomorphism of the potas- 
sium and ammonium salts, mde infra. L. Staudenmaier says that the crystals 
grown m alkaline soln are very short prisms , while m aq. soln. the habit is long 
needles. According to E. von Berg, the crystals of rubidium dihydrophosphate 
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are colourless four-sided prisms, and those of caesium dihy dropho sphate are in 
colourless plates 

According to G. Merling, 3 the specific gravity of the crystals of lithium dihydro- 
phosphate is 2 461 H Sohiff gives for monohydratod sodium dihydropho sphate 
2 040, and H Dufet, 2 0547 , and for the dihydrated salt, H Duiot gives 1 9096, 
and A Joly and H Dufet, 1 915. H. Schiff gives for potassium dihydrophosphate 
2*298 to 2 350 ; H Buignet, 2 403 ; H. G E Schroder, 2 321 (4°) , R. KrickmeycT, 
2 338 (20°) ; H. Topsoe and C. Christiansen, 2 350 ; B. Gossnor, 2*340 , and 
W. Muthmann, 2*3325 (9 2°) F Kohlrausoh found the sp. gr of 5, 10, and 15 
per cent, soln of potassium dihydrophosphate to be respectively 1*0341, 1*0691, 
and 1*1092 (water at 4° unity). 0 Porch gives for the coefficient o£ cubical 
expansion XlO 6 of aq, soln of potassium dihydrophospliate : 

Salt per litre . 0°-5° 6°-10° 10°-15° 15°-20° 20°-25° 25°-39° 30°-35° 35 J -<0 

08 grms * . . 95 148 197 242 283 321 358 391 

136 grins . . 168 208 244 283 310 344 374 404 

H Kopp gives 0*208 for the specific heat of potassium dihydropliosphate at 
17°-18° C F. Rammelsberg says that lithium dihydrophospliate loses no water 
at 100°, hut its melting point is rather higher and it forma on cooling a clear 
transparent glass T Graham reported that when monohydratod sodium dihydro- 
phosphate is rapidly heated to 204°, the crystals molt The salt loses its water of 
crystallization at 100°, and between 190° and 204° it forms disodiiuu pyrophosphate, 
Na 2 H 2 P 2 0 7 , and it loses still more water between 204° and 24 1°, iornutig the meta- 
phosphate A Joly and H Dufot say that the dihydrated salt molts at 60°, and 
when heated in a closed vessel at 100°, it gives a mixture of water and crystals. 
W. A. Tilden found potassium dihydrophosphate melts at 96°, and if heated to a 
higher temp than 204°, T. Graham found that on coolmg it furnishes an opaque 
glass of the metaphosphate The loweiing of the f.p. of a soln of a gram of dihy- 
drated sodium cbhydrophosphate in 100 grms. of water was found by P. M. Raoult 
to be 0'225°, or the mol lowering of the freezing point is 27°. E. Petersen has 
also found that the lowering of the vap. press of soln, of sodium dihydrophospliate 
m 100 grms. of water at 100° is 17 9, 57 2, and 169*9 mm respectively ; and for 
13*52, 47*85, and 89 76 grins, of potassium dihydrophosphato is 19*2, 54*8, and 
92*7 mm respectively 

J. Thomsen found the heat of neutralization NaOH+iH 3 PQ 3 ==5‘88 Cals.; 
NaOH+p3^P0 3 ==ll 34 Cals , NaOH-HH 3 Pt> 3 =13 4 Cals. ; NaOII+IJ 8 P0 4 
=14*83 Cals , and Na0H+2H 3 P0 4 =14‘66 Cals ; m the latter case, M. Berthelot 
and W. Louguiznne found 14*36. J Thomsen also found for aq. soln Na 2 lIP0 4 
-HNaOH=410 Cals ; Na 2 HP0 4 +Na0H=7 40 Cals ; and Na 2 I [P0 4 +2Na011 
=8 60 Cals T. Graham found for 2H 3 P0 4 aq+K 2 0aq=14*4 Cals. For the heat 
of neutralization of the first molecule of orthophosphono acid, T. Graham found 
14*4 Cals ; for the second, 9*6 Cals. , and for the third, 10*9 Cals. T Graham found 
for the heat of solution of potassium dihydrophosphato, — 4*85 Cals. S. Arrhenius 
gives —336 cals, for the heat of ionization of a ^W-soln, at 35°. 

According to H Dufet, the index of refraction of solid monohydratod sodium 
dihvdrophosphate for Na-light is 1 4629, and for the dihydrato, 1*402 H. Top&oe 
and C Christiansen give 15095 and 1*4684 respectively for the ordinary and 
extraordinary ray of solid dipotassium dihydrophosphato E Doumor gives 
0 200 for the optical refraction of dd soln,, 24 0 for the mol. refraction. J. H. Glad- 
stone and W Hibbert give for the mol, refraotion of solid potassium dihydrogeu 
phosphate, 23 69 , and lor the dissolved salt, 29*47. The electrical conductivities 
of soln. of sodium and potassium dihydiophosphate have been measured by 
M Berthelot at 17 Q , E Bouty at 14°, and P Walden at 25° For soln. of a mol. 
of the salt in v litres of water, M . Berthelot found : 
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Fox the temp coefE of the conductivity of the sodium salt, between 18° and 52°, 
S Arrhenius gives 0 0276, 0 0294, and 0 0282 respectively for 0 01, 0 1, and 0 5 N- 
soln W Hittorf and J. E. Darnell and W. A Miller measured the transport 
numbers of the ions of the potassium and sodium salts 

According to A Joly and H Dufet, the solubility of sodium dihydrophosphate 
in 100 grms of water is 59 9 grms of anhydrous salt at 0°, and 84 6 grms at 18° ; 
and T Graham says the salt is insoluble m alcohol O Apfel measured the solubility 
of the Bodium and potassium salts in water. E. Mitscherhch, L N. Vauquekn, 
and H. J Brooke say that potassium dihydrophosphate is easily soluble m water 
but not in alcohol ; and A. Stromeyer adds that it is soluble in a 20 per cent* 
potassium acetate soln E. von Berg found rubidium dihydrophosphate to be 
very readily soluble in water, and the salt is reprecipitated as a voluminous white 
crystalline powder when alcohol is added The aq soln of sodium dihydrophosphate 
is neutral to methyl orange and acid to phenolphthalem, btmus, and Pomer’s 
blue Potassium dihydrophosphate reddens blue litmus paper, but the blue colour 
returns on drying the paper. E Salm found the degree of hydrolysis of ^ Y-soln. 
to bo S'SxlO’" 6 for the H-ions The subject has also been investigated by 
H. Enedenthal The rubidium and caesium salts also have an acid reaction. 
T. Graham found that a soln of sodium dihydrophosphate gives a yellow precipitate 
of Ag 8 P0 4 with silver nitrate and two-thirds of the nitric aoid is set free W. Poster 
has measured the conductivity of dil soln. of potassium dihydrophosphate, and 
F. Kohlrausch the specific conductivity A Joannis found that dry sodium or 
potassium dihydrophosphate did not absorb dry ammonia gas , when the former 
salt was m contact with the liquid for 7 days at room temp only insignificant 
amounts were absorbed W. Wmdisoh and W Dietrich studied the action of boiling 
soln. of primary potassium phosphate with increasing proportions of calcium hydro-- 
carbonate, and found the precipitates contained increasing proportions of tertiary 
calcium phosphate, with some entrained alkali 

C F. Rammelsberg 4 evaporated a soln of kthium phosphate in phosphoric 
acid in a desiccator and obtamed large, transparent, deliquescent crystals, which 
tost no water when heated up to 150°. The analysis corresponded with mono- 
hydrated lithium pentahydrodiphosphate, LiH 2 P0 4 H 8 P0 4 H 2 0. L. Stauden- 
maier evaporated equunoleeular parts of sodium dihydrophosphate and ortho- 
phosphoric acid on a water-bath to a syrup, and after the liquid had stood some 
time, obtained crystals of sodium pentahydrodiphosphate, NaH 2 P0 4 H R P0 4 . Ac- 
cording to H Giran, this salt is often found on tho sticks of commercial metaphos- 
phoric acid which are contaminated with sodium phosphate E. ZettnofE considered 
this salt to be a pyrophosphate Potassium pentahydrodiphosphate, KH 2 P0 4 H 8 P0 4 , 
is obtamed in a similar manner. The limits of stability of the potassium salt have 
been studied by E. G. Parker and by N. Pairavano and A Mieli — ride Fig. 91. 
L. Staudenmaier found that the potassium salt melts at 127°, the sodium salt at 
131°, while N. Panavano and A. Mieli give 127*5° and 126 5° respectively. 
H, Grran gives for the heat of formation H 8 P0 4 sond+NaH 2 P0 4go ud==l 44 Cals., 
and for the heat of soln ,1*12 Cals T. Salzex prepared, by chance, dehquescent 
crystals of monohydrated sodium pentahydrodiphosphate, NaH 2 P0 4 H 8 P0 4 H 2 0, 
by evaporating a soln of sodium tnhydropyrophosphate and sodium carbonate 
and allowing the cone liquid to stand fox a long time. 

L Staudenmaier obtamed crystals monohydrated pentapotassiom tetrahydrotriphosphate, 
2KH 2 P0 4 K B P0 4 .H a G, by crystallization ovor sulphuric acid from a mixture of three 
mols of potassium dihydrophosphate with one of potassium carbonate Crystals of 
potassium dihydrophosphate separate first The crystals are very soluble in water and 
on recry stallizati on give the dihydrophosphate This salt was dosenbed by J J 13 er- 
zeJius as DtJcahumpho splint L Staudenmaier reported tho formation of deliquescent crystals 
of another salt, dihydrated heptapotassium pentahydrotetraphosphate, 3K 2 BP0 4 KH 3 PO. 2H a O, 
when a soln of 50 grms of potassium dihydrophosphate, 23 grmB of potassium hydroxide, 
and 50 c c of wator, is oonc by evaporation, and allowed to stand some weeks over sul- 
phuric acid 
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§ 42. Alkali Pyrophosphates or Diphosphates 

The tefcrabasicity of pyrophosphorio acid is discussed in connection ■with pyio- 
pliosphono acid. Theoretically, primary, secondary, tertiary, and normal or 
quaternary salts should he possible aooordmg as one, two, throe, or four of the 
acidic hydrogen atoms are replaced by basic dements. H. Giran 1 found the 
heats of neutralization of pyrophosphorio acid with alkali and base in aq. soln., 
to be H 4 P 2 0 7 4-Na0H=NaH 3 P 2 0 7 +15’29 Cals ; H 4 P 2 0 7 +2N&0H=Na 2 H 2 P 2 O 7 
-+-29 94 Cals ; H 4 P 2 0 7 +3Na0H =Na 3 HP 2 0 7 +43'05 Cals ; B^PaOr+INaOH 
=Na 4 P 2 07+50 91 Cals The heats of neutralization for successive mols. of 
hydrogen are therefore 15 29, 15-65, 13 11, and 7 86 Cals. Hence, H Giran argues 
that pyrophosphonc acid is tetrabasic. 

Tefra-alkali pyrophosphates. — 0 E* Eammelsberg 2 prepared th e normal lithium 
salt dihydrated tetraUthium pyrophosphate, L^PyOv 2 H 2 0 , by digesting soln. oi 
lithium chloride and sodium pyrophosphate. The precipitate ib dissolved in aoetic 
acid, and reprecipitated by alcohol. G. Moiling also made this salt by adding 
alcohol to a soln. cf lithium sodium phosphate, 6 Li 2 O.Na 5>0 3P 2 0 6 . 

J. J. Berzelius obtained tetrasodinna pyrophosphate, Na 4 P 2 0 7 , in 1816 by the 
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dehydration of ordinary Bodium phosphate, Na 2 HP0 4 12H 2 0, at a red heat when 
the salt fuses to a transparent glass which crystallizes on coolmg to a white opaque 
mass. T. Clark established the individuality of the salt m 1827. L. Blum also 
prepared this same salt by heating two mols of sodium chloride with one of ortho- 
phosphonc acid , and F Maiguentte, by treating sodium chloride with a metallic 
pyrophosphate. T. Clark showed that the anhydrous salt readily dissolves in hot 
water, and the soln , on cooling, gives crystals of decahydrated tetrasodium pyro- 
phosphate, Na 4 P 2 0 7 10H 2 0 ; H. von Blncher found the salt loses all its water of 
crystallization in vacuo over sulphuric acid or even in dry air , and T, Clark, that 
all water is given off below red heat 

T. Graham prepared tetrapotassium pyrophosphate, K*P 2 0 7 , by heating 
dipotassium hydrophosphate, K 2 HP0 4 , to redness ; J H Gladstone, by adding 
phosphoric anhydride to cone alcoholic soln of potassium hydroxide J H Glad- 
stone also piepared this salt by adding phosphorus oxychloride gradually drop 
by drop to a cone soln of potassium hydroxide — with sohd potassium hydroxide 
the metaphosphate is formed, and with a dil soln , the orthophosphate is formed. 
The cone of an aq soln of the potassium salt gives crystals of tnhydiated tetra- 
potassium pyrophosphate, E^P 2 0 7 .3H 2 G. A. Schwarzenberg prepared this salt 

? by treating an alcoholic soln of potassium hydroxide with a slight excess of orfeho- 
hosphoric acid, and afterwards adding alcohol until the liquid appears turbid, 
n 2-1 hrs. a syrupy soln. of di- and mono -orthophosphates separates The mixture 
is evaporated to dryness in a platinum dish and ignited, whereby a mixture of 
soluble potassium pyrophosphate and insoluble metaphosphate is formed The 
hydrated pyrophosphate obtained by crystallization from the soln can be de- 
hydrated by fusion E von Berg made tetrarubidium pyrophosphate, Rb 4 P B 0 7 , 
by igniting dnrubidium hydrophosphate, Rb 2 HP0 4 ; and tetrac cesium pyro- 
phosphate, Cs 4 P 2 0 7 , was made in a similar manner. 

Fused tetrasodium pyrophosphate is a white crystalline mass ; the decahydrate 
forms monochnic crystals, which were measured by 0 F Rammelsberg, W Haidinger, 
A Handl, A Scacchi, and H Dufet 3 The axial ratios are a : b : c= 1 2873 : 1 : 1*8961, 
and J8=98 0 16'. The specific gravity of anhydrous tetrasodium pyrophosphate is 
given by H G F. Schroder as 2 534 ; by H. le Chatelier, 2*3815 (17°) , and by 
F W. Claike as 2 3732 (17°) ; for the decahydrate, L Playfair and J. P. Joule gave 
1 836; T. W. Clarke, 1*7726 (31°), H Dufet, 1824 and 18151. F Fouqufc 
measured the sp gr. of soln of the sodium salt. G. Brugelmann gives 2 33 for the 
Bp. gx of anhydrous tetrapotassium pyrophosphate. 

G. Merling 4 found dihy drated tetralithium pyrophosphate loses 7 03 per cent, of 
water at 100°, and 14*55 per cent, when melted, and 0. F Bammelsberg adds that 
the whole of the combined water is lost when the salt melts at 200°. T. Carnelley 
gives the melting point of anhydrous tetrasodium pyrophosphate as about 880°, and 
H. le Chatelier gives 940°. The latter also measured the m p. of mixtures of this 
compound with anhydrous borax (melting at 970°), and found a maximum m the 
curve at 960° and 58 3 per cent of tetrasodium pyrophosphate corresponding 
with the compound Na 4 P 2 0 7 3Na 2 B 4 0 7 , with eutectics at 910° and 850° correspond- 
ing respectively with 16*7 and 83*7 per cent, of the pyrophosphate. According to 
M Amadori, tetrapotassium pyrophosphate melts at 1090°, and according to 
N. Parravano and G. Calcagm at 1092°; the salt also exhibits a transition point 
m its heatmg curve at 278°. M Amadori found the system KP— K 4 P 2 0 7 has a 
eutectic at 730° (20 mol per cent K 4 P 2 0 7 ) The system KC1— K 4 P 2 0 7 shows no 
sign of the formation of a compound H. le Chateher obtained a eutectic at 620° 
with a mixture of sodium chloride with 53 4 per cent, of sodium pyrophosphate. 
A. Schwarzenberg found that trihydrated tetrapotassium pyrophosphate loses 
one-third of its water at 100°, another third at 180°, and the remaining third 
At 300°. E. von Berg fused both the anhydrous rubidium and cecsium salts. 
H V. Regnault gives 0 22833 for the specific heat of the anhydrous sodium 
salt between 17° and 98°, and for the potassium salt, 0 19102. H. Giran grves 
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for the heat of formation m aq eoln , 4Na0H+ByP 2 O 7 =Na4 ; P 2 0 7 -|~5Q 91 Cals. 
J Thomsen gives 11 67 Cals for the heat of solution of the anhydrous sodium 
salt, in 800 mols of water, H. Guan gives 11 85 Cals , and J. Thomsen. —11 67 
Cals, for the decahydrate , consequently, the heat of hydration of the anhydrous 
salt is 23*52 Cals E. M Raoult found the mol. lowering of the freezing point 
of aq. soln of tetrasodium pyrophosphate is 45 8°, or 0 172° per gram of salt in 
100 grms of water G. Tammann gives for the lowering of the vapour pressure 
of water at 100° by the soln of 13*50, 23 99, and 33 08 grms per 100 grms. of 
water, respectively 13 4, 20 7, and 27 7 mm G. T Gexlach found a soln. with 
102 grms of the decahydrate in 100 grms of water boils at 101 25°. H. Duiet’a 
value for the index of refraction of the anhydrous salt for the Na-lme is 1 4525 
E Doumer gives 0 295 for the optical refraction, and 78 4 for the mol. optical 
refraction. 

P. Burckhard found that the electrolysis of tetrasodium pyrophosphate is attended 
hy the evolution of much oxygen at the anode, and at the platinum cathode, gas 
hubbies are formed which inflame spontaneously m air, and platinum phosphide is 
formed P. Walden found the eq. electrical conductivity of aq. soln. of tetra- 
sodium pyrophosphate at 25° for soln. with one gram of the salt in v htres of water : 


v 

A, Na 4 P 2 0 ? . 

Na 2 HP0 4 
A, NalTjPO* 
A, Na 3 P0 4 . 


32 

04 

128 

79 9 

90 3 

100 3 

85 1 

90 7 

95 6 

74 6 

77 7 

80 3 

704 2 

114*4 

120 6 


256 

512 

1024 

109 5 

115 4 

118-1 

98 5 

99 8 

100 7 

82 3 

84 l 

86 1 

123 2 

123*3 

122 1 


The conductivity of the salt Na 4 P 2 0 7 is not the same as that of Na 2 HP0 4> showing, 
according to P. Walden, that the P 2 0 7 -ions are stable m dil soln m agreement 
with the observed reactions of the salts. According to G A. Abbott and W C. Bray 
(1909), a jaTV-aq. soln. of the normal sodium salt has an electrical conductivity 
31*2 units, and the ^-JV-soln a conductivity of 53 4. By Ostwald’s rule, the soln 
thus appears to contam the sodium salt of a dibasio acid, probably because the salt 
does not retain its individuality in aq soln. Tbe f.p. of soln. of pyropbospbonc 
acid progressively neutrahzed by potassium hydroxide gives a curve with a well- 
defined minimum corresponding with K4P2O7, with indications of K s HP 2 0 7 , and of 
K 2 H 2 P 2 0 7 , but not of KH 8 P 2 0 7 , the refractive indices of the soln , however, give 
a curve with a minimum corresponding with K 2 H2p 2 0 7 , and indications of 
KH 3 P a 0 7 . W Hittorf measured the transport numbers of the ions of the sodium 
salt 

T. Clark 5 found tetrasodium pyrophosphate to be less readily soluble in water 
than the disodium hydrophosphate, Na 2 HP0 4 . The eqiulibrium oonditionri and 
transition points have not yet been worked out. According to A. B. Poggiale 
(1863), 100 parts of water dissolve : 

0° 10° 20° 40° 60° 80° 100° 

Anhydrous salt 3*16 3 95 (5 23 13 60 21*83 30 04 40 20 

Decahydiate . 6 41 6 81 10*92 24 97 44 07 63 40 93 11 


T. dark found that, in consequence of hydrolysis, soln of tetrasodium pyro- 
phosphate, and A Schwarzenberg, that aq soln. of tetrapotasaium pyrophosphate, 
nave an alkaline reaction towards htmus , E von Berg reported that the corre- 
sponding rubidium and caesium salts have a neutral reaction. G von K n oire 
found the soln of the sodium salt is strongly alkaline to phenolphthalein. A. Stro- 
meyex found that aq soln of tetrasodium pyrophosphate are not converted into the 
orthophosphate, but that the change rapidly occurs on boiling with acetic, phos- 
phoric, ox other mineral acids, and G. Watson 8 adds that trisodium orthophosphate, 
disodium hydrophosphate, sodium dihydrophosphate, or orthophosphonc acid 
are formed according to the proportion of acid employed A. Schwarzenberg also 
found that boiling with dil. potassium hydroxide converts tetrapotasaium pyro- 
phosphate into the orthophosphate, hut that tbe change does not occur m boiling 
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with water alone — A Beynoso, however, adds that water at 280° effects the 
conversion 

H. Struve reported that at a white heat, tetrasodmm pyrophosphate is reduced 
by hydrogen, forming orthophosphate and phosphine , T. de Saussure says that when 
the sodium salt is heated with twice its weight of carbon — charcoal — phosphorus 
is evolved; T Salzer, that when boiled with bromine water sodium bromide and 
.hypobromite are formed , A. Jamieson, that carbon disulphide at a red heat 
forms sodium sulphide, Na 2 S, and sodium metaphosphate ; while EL Bose that 
boiling soln with flowers of sulphur form orthophosphonc acid and sodium sulphite 
— T. Salzer found some polysulphides are formed at the same time. E. L. Winkler 
noted that the salt may be crystallized unchanged from soln of ammonium chloride, 
and H Uelsmann from soln of ammonia* When calcined with ammonium chloride, 
A. Jamieson found that sodium chloride and metaphosphate are formed, while 
H. Bose found that if eight times as much ammonium salt is used, some of the 
phosphoric acid is volatilized as phosphorus chloride. The metal acids and boric 
acid form complex orthophosphates If hydrogen peroxide and sodium hydrophos- 
phate be allowed to react, a dry sohd containing active oxygen eq. to 27 per cent, 
of H 2 0 2 is formed 7 T Graham 8 found that glass is attacked by the boiling liquid. 

Trialkali monohydropyrophosphates. — According to T. Salzer, if a soln. of 
10 grins of crystallized disodium hydrophosphate and 13*5 grins of tetrasodium 
pyrophosphate be evaporated at a high temp, until a cfust is formed, and the mother 
liquid be poured away, small crystals of monohydrated trisoditun hydropyrophos- 
phate, NagHI^O^HgO, are formed H. Gixan also prepared the salt by the actoin 
of syrupy phosphoric acid on disodium dihydropyxophosphate at 100°. The 
orystals are not decomposed when heated to 100°, but at 170°-190°, the water of 
crystallization is expelled, and at 300° the constitutional water is given off. This 
behaviour, said T Salzer, is not like that of a mixture of disodium dihydropyro- 
phosphate and tetrasodium pyrophosphate Cold water dissolves more than one- 
third its weight of the salt ; and silver nitrate precipitates tetrasilver pyrophosphate, 
Ag^PaOj, from aq. soln H Giran gives for the heat of formation: B^PsOyaq 
+3NaOHaq=HNa 8 P 2 O7+3H 2 0+4:3 05 Cals , and for the heat of soln. NaoHP 2 07 
+Aq=6*77 Cals Since the heats of soln of Na 2 H 2 P 2 0 7 +Aq=— 2 18 Cals , and 
of Na4P 2 07+Aq=ir85 Cals., H. Giran argues that the salt NasBT^C^ is not a 
mixture but rather a true compound. The evidence, however, is not satisfactorily 
demonstrative. T. Fleitmann and W Henneberg, B Maddrell, and H. Uelsmann 
regarded this salt as sodium tetraphoBphate, NagP^O^ T Salzer further found 
that if a small excess of the acid salt be used m the preceding preparation, a 
mixture of prismatic crystals of heptahydrated trisodium hydropyrophosphate, 
tSL^HP 2 0 7 .7H 2 0, are formed along with a mixture of the component Balts All but 
one-seventh of the water is given off at 200°. C. F Bammelsberg also olaimed to 
have made dihydrated trisodium hydropyrophosphate, NaaHP 2 0 7 .2H 2 0, from the 
mother liquid obtained in preparing hexahydrated disodium dihydropyrophosphate. 
Half the water of crystallization was said to be lost at 100°, and the other half at 
200° ; C. F. Bammelsberg also claimed to have made crystals of NaaHP 2 0 7 5£H 2 0, 
by treating tetrasodium pyrophosphate with acetic acid. 

Dialkali dihydropyrophosphate. — T Graham obtained anhydrous disodium 
dihydropyrophosphate by heating sodium dihydrophosphate, NaH 2 P0 4 , to between 
190° and 204° , and A. Schwarzenberg, by mixing a soln, of tetrasodium pyro- 
phosphate, Na 4 P 2 0 7 , with alcohol, and afterwards washing the precipitated crystals 
with alcohol to remove the alkali chloride , the crystals were dried over cone, 
sulphuric acid H Dufet found the mono clinic crystals of the anhydrous sodium 
salt have the axial Tatios a : b : c=2*0260 : 1 : 2 0492 and j3=56° 41'; and the 
sp. gr. 1*8616. A* Schwarzenberg also prepared the corresponding dipotassium 
dihydropyrophosphate, Kg^PaCV, m a similar manner. K. J. Bayer obtained 
hexagonal prisms and plates of hexahydrated disodium dihydropyrophosphate, 
Na 2 H2P 2 0 7 .6H20, by crystallizing A. Schwarzenberg’s salt from its aq soln. The 

vol. u. 3 k 
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salt is decomposed when heated with, water The index of refraction of the an- 
hydrous solid sodium salt was found by H Dufet to be 1A645. The potassium and 
Bodmm salts dissolve m water giving aq soln. with an acid reaotion, and they are 
not changed to orthophosphate by boiling The sodium salt loses 4*19' per cent, 
of water at 220° , and then corresponds with a tetra&odvum dihydrotetraphosphate, 
Na^HaP^ja According to C F Rammelsberg, the salt obtained by A Schwaxzen- 
b erg’s process is tetrahydrated disodium dihydropyrophosphate, Na 2 H 2 P 2 0 7 4H z O, 
with axial ratios a : b . c=l 9514 * 1 3 3385. This salt loses its water of crystal- 
lization when dried over cone sulphuric acid, and when melted forms glassy hexa- 
metaphosphate If the aq. soln be heated, the anhydrous salt separates as a 
pulverulent crystalline precipitate 

A Schwarzenberg prepared fine needle-like monoclmio crystals of dodecahydrated 
sodium potassium pyrophosphate, Na 2 K 2 P 2 07 . 12 H 2 0 , hy concentrating a soln 
of secondary sodium pyrophosphate neutralized with potassium hydroxide The 
soln reacts alkaline. J. H. Smith prepared an impure sodium •polyphosphate , pro- 
bably Na 4 P fl 0 1 7 , by evaporating mixtures of phosphorio acid with a sufficient pro- 
portion of sodium hydroxide or carbonate The fused glassy mass dissolves slowly 
m cold water, more quickly in hot water The aq soln. is nearly neutral to methyl 
orange and phenolphfchalem It has a powerful, corrosive action on sikoateB and 
metals Its individuality has not yet been established , it may be a congealed 
soln of one or more of tho other phosphates m glacial phobphono acid. 
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§ 43. Alkali Metaphosphates 

As shown by T. Graham, 1 T Eleitmann, etc , the so-called a-sodmm meta- 
phosphate, NaPO s , is formed when sodium hydroxide is heated with an excess of 
phosphoric acid, and when disodium dihydropyrophosphate, Na 2 H 2 P20 7 , or sodium 
dihydrophosphate, NaH 2 P0 4> is heated to 315°. T Eleitmann pxepaied a-potas- 
sium metaphosphate, KP0 3 , in a similar manner. A. Jamieson prepared sodium 
metaphosphate hy heating a mixture of tetrasodium pyrophosphate, Na 4 P 2 0 7 , 
and ammonium chloride to redness and removing the sodium chloride by boiling 
dil alcohol B Maddrell heated a mixture of syrupy phosphoric acid with twice 
its weight of sodium nitrate, and G, von Knorre gives the following details A soln 
of 20 grms of sodium nitrate m 25 c c of water was mixed with 42 c c of ortho- 
phosphoric acid of sp gr 1 3, and evaporated on a water-bath The residue was 
heated 4 hrs at 330°. He found that if solid sodium nitrate be used, the mtno acid 
is not all expelled by this treatment. B Maddrell and 0. Darracq also prepared 
the potassium salt in a similar manner by using potassium chlorate m place of 
sodium nitrate G Merbng made lithium metaphosphate by evaporating at 130° 
a soln. of two mols of lithium carbonate with three of orthophosphono acid, and the 
compound of ortho- and pyro-phosphate, 6Li 2 0 5P 2 0 B 8H 2 0, which separates is 
melted until the excess of metaphosphoric acid is evolved in white vapours. The 
product is repeatedly boiled with water and microcrystalhne plates of this salt are 
formed. E. von Berg made rubidium metaphosphate, BbPO a , and also caesium 
metaphosphate, CsP0 3 , by calcining the corresponding alkali dihydrophosphate 

The product with either the potassium sodium or lithium salt is a white powder 
The lithium salt has a sp gr, 2 461 K Arndt and A Gessler gave 2*144 for the 
sp gr. of the sodium salt at 900°, and also of mixtures with bone oxide. T . Carnelley 
says the sodium salt melts at 617° ; the potassium salt at 798°, M. Amadon also 
gave 798° for the potassium salt , N. Parravano and G Calcagru, 823° , H. S. van 
Klooster, 810°. The potassium salt shows a transition point at 450°. M Amadon 
found that in the binary system KE — KPO3, there is evidence of the formation of 
potassium difluometaphosphate, 2KE.KP0 3 , at 793° ; and of potassium fluometa- 
phosphate, KE KP0 3 , at 880°, there are eutectics at 742° (20 mol. percent, KP0 8 ), 
and at 604° (80 mol per cent KP0 3 ). There is also a break in the heating 
curve corresponding with a transition pomt in the compound 2KE.KPO s . The 
system KOI— -KP0 3 exhibits no tendency to form solid soln., and the solubility is 
probably zero, since the transformation pomt of the metaphosphate is not influenced 
by the presence of the chloride N, Parravano and G Calcagru found a eutectic 
at 612° with a mixture of sodium metaphosphate with 69 molar per cent, of the 
pyrophosphate. 

According to J Thomsen, the heat of neutralization of metaphosphoric acid by 
soda, aH m soln , is HP0 s +iNa 2 0=7*l Cals, ; HP0 8 +Na 2 0==14*38 Cals , HP0 3 
+2NaO===16'38 Cals. ; and HP0 8 +3Na 2 0==16 5 Cals. W Hittorf, and A Weisler 
measured the transport numbers of the ions oi the sodium salt K Arndt and 
A. Gessler measured the conductivity of the fused salt at 900°, and also when 
mixed with bone oxide T. Eleitmann and W Henneberg say that no double salts 
can be made with the mono-salt, and they hence infer that it is a monometa- 
phosphate ; they also say that the sodium salt forms hexametaphosphate when 
melted. B Maddrell said that potassium and sodium metaphosphates are insoluble 
m water, but G von Knorre said that they are sparmgly soluble. The rubidium 
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salt is a white powder which dissolves in we ter ; the soln. of the rubidium salt has a 
neutral reaction, and that of the c cesium salt a feebly acid reaction. R. Maddrell also 
says the potassium salt is soluble in acids ; and G. von Knorre says it dissolves 
with difficulty in acetic acid According to G. Merling, the lithium salt melts at 
a red heat, forming a colourless, hygroscopic glassy mass which has a sp gr 2'226, 
and dissolves m water with a feeble acid reaction, and is insoluble m alcohol. 
T. Graham says thab acids are without action" on the sodium salt, and that pro- 
longed digestion with alkali lye converts some of the salt into the orthophosphate 
According to G Tammann, if the sodium salt be allowed to stand for some weeks 
in contact with a soln of potassium or ammonium chloride, the corresponding 
potassium or ammonium metaphosphate is formed W Muller says the sodium 
salt is not changed when heated in a stream of the vapour of carbon disulphide. 

G. Tammann found that when the mother liquid remaining after the neutraliza- 
tion of a soln of metaphosphono acid with sodium carbonate, has been evaporated 
at 50°, crystals of what G. Tammann calls sodium ^-monometaphosphate are 
obtained. These are dried on porous tiles The salt is readily transformed into the 
orthophosphate. G. Tammann obtained potassium j5-metaphosphate in a similar 
manner. The mol. formula is not known 


Alkali dimetaphosphates. — What T Eleitmann called sodium dimetaphosphate, 
(NaP0 3 ) 2 2H 2 0, and F. Warschauer sodium tetrametaphosphate, (NaP0 3 ) 4 .4H 2 0, 
was obtained by T Fleitmann by decomposing a boilmg soln. of cupric dimetaplios- 
phate by sodium sulphide, not in excess, and evaporating for crystallization. 3? War- 
schauer added that the finely powdered copper salt should bo added m smaller 
portions at a tune to the calculated quantity of sodium sulphide. G. Tammann used 
the manganese, oobalt, or zinc salts in a similar way. I 1 Warschauer made the same 
salt by neutralizing the free acid with sodium hydroxide, and lomoving the pyro- 
phosphate simultaneously formed by fractional precipitation with alcohol since 
the pyrophosphate is more soluble in that menstruum than the metaphosphate. 
This salt loses its water of crystallization at 100°, and melts at a rod heat ; and when 
the molten salt is rapidly cooled, it furnishes the hexamotaphospliate. The an- 
hydrous salt is hygroscopic, and it is warmed by moistening with water. T. Fleit- 
mann found that 100 parts of water dissolves 14 parts of the salt at ordinary temp,, 
and but little more when warm. The soln. is noutral, and does not change after 
standing for a month, but with prolonged boiling, the soln becomes moro and more 
acid, and forms the orthophosphate The salt dissolves readily in cone, hydro- 
chloric acid, and separates unchanged from the soln. when alcohol is added. Ortho- 
phosphate is rapidly formed when the acid soln, is boiled. The salt separates 
unchanged when a soln of the salt m sodium hydroxide lye is ovaporatod. The salt 
is insoluble in alcohol, but a little does dissolve in dil. alcohol. L. Jawoin and 
A Thillot found the mol wt. by the lowering of the f.p. of aq, soln, to bo 121, in 
agreement with the monomoleoular formula, but the possibility of ionization is 
not taken into consideration T. Fleitmann based the dimolocular formula on the 
dibasic character of the acid as evidenced by the ready formation of salts of the 
type MM'P 2 0 6 ttH 2 0, where M and M' are univalent radicles, and if bivalent radicleB 
are employed corresponding compounds axe formed A. Glatzel also claims to have 
made about thirty double salts of this type This evidence, however, is very weak. 
G. Tammann measured the electrical conductivity, the lowering of the f.p., and the 
temp Goeff of aq. soln. F. Warschauer also measured the electrical conductivity and 
transport numbers, and concluded that the salt is really a tetrametaphosphate 
bumiar remarks apply to potassium dimetaphosphate, (KP0 8 ) 2 2H 2 0, which 
j* Warschauer believes to be potassium tetrametaphosphate The evidence, there- 
fore, favours the hypothesis that the alleged alkali dimetaphosphates are really 
tetrametaphosphates. A. Holt and J E. Myers failed to obtain the dimetapho8 w 
phates by any of the given processes, and they concluded that the so-called alkali 
dimetaphosphates are probably mixtures of the alkali salts and phosphoric acids, 
and not definite compounds.” x r 
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Alkali trimetaphosph&tes. — T Fleitmann and W Henneberg slowly heated 
powdered ammonium sodium hydrophosphate, (NH^.NaHPO* to a temp, where 
it still showed an acid reaction, the product was then Te- ground, and again heated 
so long as it showed a feeble acid reaction The soluble portion was then leached 
from the insoluble metaphosphate, and evaporated at 30°, The resulting crystals 
of what T. Fleitmann and W. Henneberg regard as sodium trimetaphosphate, 
(NaP0 8 ) 8 2H 2 0, was found by G. Tammann to contam still about one per cent, 
of an impurity which gave a voluminous precipitate with silver nitrate, calcium 
or barium chloride, or with zinc, manganese, nickel, or cobalt sulphate, and the 
precipitate is not soluble in an excess of either reagent. G von Knone recommended 
purifying the salt by treating a dil. soln with lead nitrate, and filtering the soln. 
from the precipitated metaphosphate When the filtrate is cone, by evaporation 
it furnishes lead trimetaphosphate. T Fleitmann and W Henneberg cooled molten 
sodium hexametaphosphate very slowly, and washed the product with not too much 
warm water The liquid separated into two layers — the upper layer contained 
Bodrum trimetaphosphate, the lower layer the hexametaphosphate C. G Lindboom 
says that the laBt-named method of preparation is difficult, hut the salt is readily 
made by the first-named process of T Fleitmann and W Henneberg , G. von Knorre, 
however, recommends heating a mixture of ammo mum nitrate with dodecahydxated 
disodium hydrophosphate for 6 hrs at 300°, and after leaching the mass with 
cold water, crystallizing the filtered soln. by evaporation 0 G Lindboom also 
claimed to have made potassium trimetaphosphate, (KP0 3 ) 8 3H 2 0, by heating 
potassium ammonium hydrophosphate, K(NH 4 )HP 0 4 , several times without 
fusion ; and also by the action of potassium sulphate on barium trimetaphosphate. 

H Kopp obtained sodium trimetaphosphate in fine triclmic rhombohedra 
whose sp. gr., according to F. W. ClaTke, is 2 476. H Kopp gives 0 217 for the 
sp. gr. between 17° and 445°. The crystals lose 24 63 per cent of water at 100°, 
and on melting it loses 1 18 per cent more water. According to A. Glatzel, the salt 
does not melt m its water of crystallization A. Wiesler says that 100 parts of cold 
water dissolve 22*2 parts of salt , G. von Knorre adds that the soln. has a neutral 
reaction towards methyl orange and phenolphthalem, and that on boiling the soln. 
becomes acid and orthophosphate is produced, hut the conversion is completed only 
when the operation is repeated a number of times T Fleitmann and W Henneberg 
found the salt to be insoluble m alcohol and sparingly soluble in dil alcohol. 
T. Fleitmann aTgued that the salt is a derivative of a tnbasic acid from reasons 
analogous to those employed for the dimetaphosphates He claims to have pre- 
pared a series of double salts of the type M'M"P B 0 9 wH 2 0 — e g* CuNaP 3 0 Q 3H s O 
and NiNaP 8 09 . 4 £H 2 0 — another series of the type Ms'^PsOg^ ftH 2 0 , and yet a 
third series of the type M // M 4 / (P 8 0g)2 wH 2 0. L. Jawem and A. Thillot found a mol 
wt, 103 from the lowering of the f p. of aq. soln. This number corresponds with the 
mol. wt. of the simple unpolymerized acid, but the result is supposed to he invalid 
as evidence on account of ionization. G Tammann’s observations on the lowering 
of the vap. press, of aq. soln , and A. Wiesler’s measurements of the electrical conduc- 
tivity, lead to the same conclusion — the difference in the conductivity of soln dil. 
o=32 and 1024 is 30 1 in agreement with W Ostwald’s rule for salts of tnbasic 
acids G Tammann also measured the lowering of the f.p., the electrical conduc- 
tivity and the temp, ooeff of the conductivity A. Wiesler and W. Hittorf measured 
the transport numbers of the ions 

Alkali tetrametaphosphates. — T Fleitmann prepared what he regarded as sodium 
tetrametaphosphate, (NaP0 8 ) 4 4H 2 0,by treating copper, lead, cadmium, or bismuth 
tetrametaphosphates with sodium sulphide. Aloohol precipitates the salt from the 
clear soln. F Warschauer prepared the salt by a process like that employed 
for the trimetaphosphate The corresponding lithium tetrametaphosphate, 
(LiP0 3 ) 4 4H 2 0, and potassium tetrametaphosphate, (KPO s ) 4 4H 2 0. were made 
in a similar manner The aq. soln is neutral, and the sodium salt is obtained 
as a transparent hygroscopic mass by the evaporation of the aq soln. The solid 
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so obtained forms elastic threads like rubber. F Warschauer found the lithium 
salt loses its water of crystallization at 100°. When heated to m p , hexameta- 
phosphates are formed F Warschauer argued that this salt is a higher polymer 
than tetrametaphosphate, and that the electrical conductivity of its aq soln cannot 
be measured on acoount of dissociation The electrical conductivity of soln of 
dil. v=32 and 1024, give 40 6 m harmony with W Ostwald’s rule for a tetrabasic 
acid Similar remarks apply to the electrical conductivities of the kthium and 
potassium salts G. Tammann also measured the electrical conductivity and the 
temp coeS. of aq. soln of the sodium salt, and W. Hittorf the transport number 
of the ions. 

Alkah hexametaphosphates. — Whenmiorocosmic salt, (NH 4 )NaHP0 4 , or sodium 
dihydrophosphate, NaH 2 P0 4 , is heated on a gradually rising temp., T Giaham found 
that disodium dihydropyrophosphate is first formed, and if the temp has risen 
high enough to fuse the salt, a vitreous cake is obtamed whon the liquid is slowly 
cooled When this product is treated with an excess of water, one portion dissolves, 
and the soln. furnished T Fleitmann and W. Honneberg with sodium trimetaphos- 
phate ; the insoluble portion, called MaddrelVs salt, is assumd to be monometa- 
phosphate If the molten mass be rapidly cooled, a vitreous, or glassy, hygro- 
scopic mass is obtained which is easily soluble in water, and which is sometimes 
called Giaham's salt H. Rose showed that a soln of Graham’s salt furnishes 
precipitates partly flocculent and partly gelatinous when it is mixed with many 
salts of the metals or alkaline earths — e g. by pouring the freshly prepared soln. 
into an excess of a soln of silver nitrate, two distinct layers are formed : (i) a crystal- 
line silver hexametaphosphate, Ag 6 P 6 0 18 ; and (n) a gelatinous or resinous layer 
which is msoluble in water, and which appears to have the composition Ag 5 NaP 0 Oi 8 
According to G. Tammann, Graham’s salt is an impure sodium hexametaphosphate, 
(NaP0 8 ) 6 , which can be purified by pouring a soln into an exooss of a soln. of silver 
nitrate The crystalline precipitate is separated from the oily hquid which simul- 
baneously separates, and transformed mto the sodium salt by treatment with a 
soln of sodium chloride. H Ludert, and G von Knorre prepared sodium hexa- 
metaphosphate by gradually heating disodium hydropyrophosphate to redness, 
and rapidly cooling the fused mass 

According to T Graham, the salt is verv soluble in water, and the soln. has an 
acid reaction When the soln. is evaporated at about 40° it forms a gum-like 
* mass which, when dried over sulphuric acid, contains 9 79 per cent, of water , and 
if dried at 204°, it contains 7 6 per cent of water, and consists of sodium pyro- 
phosphate, Na 4 P 2 07 T Graham says that the soln. does not change on keeping 
at ordinary temp , or when boiled with sodium hydroxide ; but if evaporated to 
dryness and the residue he heated, an orthophosphate is produced. H. Ludert 
adds that if the soln. he heated to say 40°, it ohanges into pyro- and tetra- 
phoBphate. T. Graham says the salt is soluble in alcohol, while H. Ludert says that 
alcohol slowly precipitates an oily liquid from the aq soln. L. Ja wem and A. Thillot 
found the mol. wt calculated from the lowering of the f p. of aq. soln ranged from 
404 to 417 A. Weisler, and G. Tammann have measured the electrical conduc- 
tivities of aq soln 

G. Tammann (1892) inferred that Graham’s salt is probably a mixture of at 
least three different isomeric hexametaphosphates, and this is said to be confirmed 
by differences in the electrical conductivities of the salts, G. Tammann assumes 
that the sodium is united in different ways with the anionic complex, for example, 
Na 5 [NaP fl Oi 8 ] ; Na 4 [Na 2 P e (D 18 ] , andNa 2 [Na 4 P 6 Oi 8 ], When ordinary sodium hexa- 
metaphosphate is digested with ammonium chloride, G. Tammann obtained sodium 
pentammonium hexametaphosphate, Na(NH 4 ) B P 6 0 18 When monopotassium 
dihydrogen orthophosphate is treated with silver nitrate like the corresponding 
sodium salt, it furnishes a mass insoluble m water, and this, when digested with 
silver nitrate, furnishes K 2 Ag 4 p60 18 H 2 0 ; and when this product is treated with 
sodium chloride, it forms both K a Na 4 P 6 0 18 and Na 2 K 4 P 6 O 10 . An analogous senes 
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of hthium salts, Li 2 M4P 6 0 18 , have been prepared m which M denotes the radicle 
or an atom of sodium or potassium , salts of tbe type Sr 2 K2p60 18 .fH 2 0 
have also been made G- Tammann (1892) found that the electrical conductivity 
of sodium hexametaphosphate is oKaracteristio of a salt of a dibasic acid, and the 
sodium salt is accordingly symbolized : Na 2 [Na 4 P 6 0i 8 ] , the potassium salt, 

K 2 [Na 4 P 0 O 18 ], has also been made The electrical conductivity method of finding 
the basicity of the acid is generally not so satisfactory because some pyrophosphate 
is formed when the salt is dissolved in water, presumably : Na 6 P 6 0 18 4-3H 2 0 
=3Na 2 H 2 P 2 07 ( The aq. soln of sodium hexametaphosphate gives a gelatinous 
flocoulent precipitate with barium chloride, and this, on boiling with water, passes 
mto barium tetrahydrogen orthophosphate, Ba(H 2 P0 4 ) 2 The gum-like properties 
of the hexametaphosphates is characteristic Sodium hexametaphosphate does not 
give precipitates with iron, nickel, copper, zinc, mercury, or lithium salts, but with 
manganese, magnesium, uranium, and potassium salts, precipitates are obtained 
which dissolve in an excess of the sodium salt , and with lead and barium salts, 
precipitates are obtained which do not dissolve in an excess of the sodium salt. 
Double salts of the general typeR5 / 'R 2 / (T 8 0:L 8 ) 2 , where R" represents an atom of the 
bivalent metal, and R' an atom of the metal of the alkalies — e g Chi5Na 2 (P ft 0i 8 ) 2 — 
are characteristic. Molten sodium hexametaphosphate resembles borax glass in 
dissolving metal oxides, and it or miorocosmio salt is accordingly used as a blowpipe 
reagent 
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§ 44. Ammonium Phosphates 

M. Berth elot and W Louguimne found the heat of neutralization Q of a mol. of 
orthophosphonc acid by n mo] of ammonia, NH 3 , all in soln., to be at 17° „ 

4 1 14 2 6 6 

Heat of neutralization . 6 71 13 46 20*32 23 14 23 33 23 70 Gala: 

In dil. soln , therefore, one hydrogen of phosphoric acid is displaced by ammonium, 
a second very incompletely, and the third not at all, A great excess of ammonia 
is needed to complete the substitution of all three hydrogen atoms of phosphoric 
acid by ammonia By treating aq ammonia with phosphoric acid until the soln. 
reddens blue litmus, and no longer gives a precipitate with barium chloride, E Mit- 
scherhch 1 obtained a liquid which furnishes, when cone by evaporation, tetragonal 
crystals of ammonium dihydrophosphate, (NH 4 )H 2 P0 4 G von Knorre obtained 
this salt as an opaque white porous mass by heating di ammonium hydrophosphale 
to 155° ; according to C. E Rammelsberg, the tetragonal crystals of the ammonium 
salt are isomorphous with the corresponding potassium and thallium salts, and 
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which, according to E Mitscherlich, have the axial ratios a : c=l : 1 0076. The 
corresponding sodium salt is not anhydrous A SabanejefC has pointed out that 
the salt is isomeno with primary hydroxylamme phosphite, (NH 3 0)H s P0 3 
Mixed crystals of tetragonal potassium and ammonium dihydrophosphates have 
been studied by J. W. Retgeis, and R. Knckmeyer J. W Retgers said that the 
two salts generally form turbid aggregates and not large clear mixed crystals, and 
even then, the mixed crystals occur only when the potassium or the ammonium 
salt is m large excess, while R Knckmeyer could only obtain mixed crystals when 
the ammonium salt was in large excess — over 9 4:’ 5 per cent NH4H2PO4 — and not 
when the potassium salt preponderated. 

The sp gr. according to H. Schiff is 1 779 ; B. Gossner, 1 803 , W. Muthmann, 
1*794 ; H. G. E. Schroder gives 1 779 , and R Knckmeyer, 1*803 (19 o -20 o ), 
H Topsoe and 0 Christiansen gives for the refractive indices for the ordinary 
oj and extraordinary e rays respectively 1*5212 and 1 4768 for the (7-line , 1 5246 
and 1*4792 for the D hue ; and 1*5314 and 1*4947 for the E-hne. P. A. D. Berthelot 
gives foT the mol. electrical conductivity /z., for soln. with a mol of the salt m v litres 
of water : 


V 

10 

20 

50 

100 

200 

6000 

3000 

00 

/z, (NH 4 )H a P0 4 
(NH 4 ) 2 HP0 4 
fa (Wil 4 ) 3 P0 4 

60 0 

63 3 

67 0 

69 0 

71 4 

73 6 

75 2 

(79 4) 

63 8 

68 5 

74 9 

78 7 

82 2 

86 0 

88 2 

(98 0) 

. 42 0 

45*9 

52 0 

55 8 

59 3 

63 8 

68 8 

The solubility of 

ammonium dihydrophosphate 

m water has 

been 

determined 

by O Apfel, and G. H. Buchanan and G. B. Winner, 
grins of soln 

The latter found per 100 

4 8 ° 

18 3 ° 

30 0 ° 

40 0 ° 

60 * 0 ° 

09 0 ° 

90 0 ° 

102 0 ° 

110 6 ° 

Grins. . 20 3 

26 3 

31 6 

36 2 

40 8 

49 7 

69 1 

63 4 

67 6 


The results at 0° between 5° and 90° are represented by £=18 0+0*4550. The 
equilibrium conditions in the presence of phosphoric acid have been previously 
discussed, Fig. 92. 

Aq soln. of the ammonium phosphates are readily hydrolysed. The degree of 
hydrolysis of ammonium dihydxophosphate in normal aq. soln., computed by 
A Naumann and A. Rucker from the amounts of ammonia obtained in the dis- 
tillate from aq soln , is 0 0476 , fox y-ammomum sulphate, 0 23 ; fox 2N-ammonium 
bromide, 0 028 , and for 2Y-ammomum chloride, 0*03 These numbers represent 
the percentage of free ammonia m the soln The degree of hydrolysis increases 
with dilution, but except with ammonium chloride and bromide, the mcrease is 
not in accord with that computed by the formula £C 2 /(1 — x)=K. Likewise for 
diammonium hydrophosphate, (NH 4 ) 2 HP0 4 , A. Naumann and A. Rucker found 
for 2W-soln , 8 0 per cent hydrolysis ; for JiV-soln., 11*61 ; for £l\f-soln , 14 68 ; 
fox ^Y-soln , 20*31 ; and fox ^qN~ solns., 22 43 peT cent. Similarly, for tri- 
ammonium phosphate, (NH 4 ) 3 P0 4 , the degree of hydrolysis for JIV'-soId. is 14 0 per 
cent. ; for ^JV-soln , 17 53 per cent , and for £ 0 -N - soln , 25 4 per cent. 0. Friedheim 
found that the action of a mol of sulphuric acid on two of the ammonium dihydro- 
phosphates is to form white prismatic crystals of a complex NHiH 2 P0 4 (NH 4 )HS0 4 . 
M. Berthelot has studied the distribution of barium and magnesium between phos- 
phoric and hydrochloric acids. According to A. Joanms, dry ammonium dihydro- 
phosphate absorbed nearly 0*5 of dry ammonia gas m 15 days N. Parravano and 
A. Mieli prepared small crystalline needles of the acid salt (NH 4 )H 2 P0 4 ,H 8 P0 4 — 
ammonium pentahydrodiphosphate — by crystallization of ammonium dihydro- 
phosphate from chi. phosphoric acid ; and add that the salt can be properly dried 
by keeping it a long time over phosphorus pentoxide N. Parravano and A. Mieh 
found the salt melts between 77° and 78°, and decomposes into w(NH 4 )Hg(P0 4 )a 
==(n-m)H 3 P0 8 +w(NH 4 )H 2 P0 4 H 3 P0 8 +(w-w)(NH 4 )H 2 P0 4 The salt also de- 
composes in contact with water. 
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Diammonium hydrophosphate, (NH4) 2 HP0 4 . — T. J. Herapath, 2 and 0. TJ, Shep- 
hard have reported the occurrence of this sa]t in guano , and it has been reported 
in the urine of carnivorous animals E. Mitscherhch prepared crystals of the salt 
by the spontaneous evaporation of a mix ture of phosphoric acid with an excess 
of ammonia or ammonium carbonate. R. Vidal noted the formation of the salt 
when glycol, C 2 B^(0H) 2 , acts on phospham, NP(bffl) , and H. N Stokes, during 
the hydrolysis of a boiling aq soln. of monamidophosphoric acid, NH 2 PO(OH) 2 . 
E. Matscherlich and H J Brooke found that the crystals belong to the mono clinic 
systems, and they have the axial ratios a :b: c= 1 014:3 : 1 : 1 1980, and j3=91° V. 
C E. Rammelsberg says that the crystals are isomorphous with dithallous hydrogen 
phosphate, T1 2 HP0 4 A, Sabane]eff has pointed out that the crystals axe isomeric 
with ammonium hydroxylamme hydrophosphite, (NH4)(NH 2 OH)HPOs. The 
salt has a cooling, saline, pungent taste H. SchifFs value for the sp gr. of the salt 
is 1 619 , and H Buignet 3 s, 1 678 ; G*. Merling found the crystals to be diamagnetic. 
H. Topsoe and C Christiansen have measured the refractive mdices and found for 
the ordinary and extraordinary rays the respective values 1 5212 and 1*4=768 for the 
C-line ; 1*524=6 and 1 4792 for the D-lme , and 1 5314 and 1*4847 for the E-lme. 
E. Doumer found the optical refraotion to be 0 326, and the mol. optical refraction 
43 1. J. Bergengren examined the X-ray speotrum of ammonium phosphate. 
The electrical conductivity of aq. soln is indicated in connection with the 
primary salt. J. L. M. Poisejulle measured the viscosity of the soln. in terms 
of the velocity of flow. The crystals effloresce on exposure to air and lose ammonia. 
The solubility of diammonium hydrophosphate m water has been determined by 
H. G. Greenish and E. A U Smith, who found that 100 gnus of water at 15° 
dissolve 131 grms of (NH 4 ) 2 HP0 4 , and the sp. gr. of the soln. is 1*343. G. H. 
Buchanan and G. B Winner found per 100 grms. of soln 

0° 10° 20° 80° 40° 50° flO° 70° 

Grms. . . . 30*0 38 4 40 7 42*5 45*0 47*1 49*3 51*5 

The results at 6 ° between 10° and 70° are represented by £=36 5+0 2130. The 
equilibrium conditions m the presence of phosphoric acid have been previously 
discussed, Eig. 92. 

When heated, the salt melts, and loses ammonia forming metaphosphoric acid — 
L. J Proust obtained a 62 per cent yield when the calculated yield is 60 6 per cent., 
and G von Knorre says that the residue after heating to 350°-360° still retains 
much ammonia. G. von Knorre has studied the action of heat on this salt. There 
is the possible formation of ammonium dihydrophosphate, (NH4)H 2 P0 4 , with a loss 
of 12*88 per cent. ; of diammonium dihydropyxophosphate, (NH 4 ) 2 H 2 P 2 07, with a 
loss of 19*70 per cent ; of ammonium metaphosphate, NH4PO3, with a loss of 26*51 
per cent. ; and of metaphosphoric acid, HP0 3 , with a loss of 39 46 per cent. With 
3-4 hrs heating in a platinum crucible, the percentage loss of weight was : 

100° 135° 155° 100° 215° 250° 286° 350° 330° 

Loss . 1 34 7*49 11 75 13 48 20 98 22 52 24*85 26 20 27 39 

The crystals after heating to 100° are white and opaque, and show no Bigns of the 
formation of pyrophosphate ; at 155°, the white poTous mass in the upper part of 
the dish is largely ammonium dihydrophosphate, and the partially fused mass at 
the bottom of the dish contains both ortho-, pyxo-, and meta-phosphoric acids — 
the main reactions appear to be (lffl 4 )2HP04=NH3+(^^4)H 2 P0 4 , and 
2 (XH4) H 2 P 0 4 =H 2 0 + (NH4) 2 H 2 P 2 0 7 ; at 166°, the residue is a viscid transparent 
hygroscopic mass which is mainly pyrophosphorio acid and with traces of meta- 
phosphono acid , at 216°, the transparent glassy mass contains pyro- and meta- 
phosphono acid as in the case of the product at 166 , and at 280°, a similar product 
is obtained, which is soluble in water, and the soln gives an oily precipitate when 
alcohol is added. In no case was the formation of an insoluble metaphosphate 
observed. E. Mitscherhch found 100 c.c. of water dissolved 25 parts of diammonium 
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hycLrophosphate, and the solubility of the secondary salt is rather greater than that 
of the primary salt The aq. soln were found by D Gernez, and 0 Tomlinson to 
be prone to undercooling, and E Mitscherhch says the soln. reacts alkaline, and 
loses half its ammonia when boiled. The degree of hydrolysis of aq. soln has been 
discussed in connection with the primary salt E. MitBcherlich found the salt to be 
insoluble in alcohol D. Carnegie and F Burt found that a dil soln of diammomum 
phosphate gives a white precipitate of mercuric chloro amide, Hg(NH 2 )Cl, when 
treated with a soln. of mercurio chloride , with cone soln , dark red mercuric 
phosphate is precipitated which is more or less contaminated with chloride which 
cannot he removed by washing. 

Triammonium orthophosphate, (NH 4 ) 3 P 04 — Trihydrated normal or tertiary 
ammonium phosphate was made by J J. Berzelius 3 by treating a cone soln of 
diammomum hydrophosphate with cono aq. ammonia. The magma so formed 
readily gives off ammonia, reforming the secondary salt P Scbottlander prepared 
this salt by adding a mixture of three volumes of a 1 : 10 soln of the secondary salt 
and three volumes of a 1 : 8 soln. of ammonium chloride to two volumes of aqua 
ammonia — sp. gr. 1' 900-1* 905 — diluted with one volume of water, and warmed to 
60° The mixture was slowly cooled in a closed vessel. The crystals were washed 
with aqua ammonia and pressed between filter paper a few hours. K. Kraut and 
P Schottlander find the crystals have a composition corresponding with trihydrated 
triammomum orthophosphate, (NH^gPC^ 3 H 2 O F. Sestmi obtained a white 
crystalline mass of what he regarded as pentahydrated tnammomum orthophos- 
phate, (NHilsPO^bHsO, by evaporating, over quicklime, a soln. of the secondary 
salt m an atm of ammonia E. Filhol and J. B Senderens were not able to prepare 
the compound (NH^PO^HsPO^ or (NH^JHgPO^ (NH 4 ) 2 HP 04 , from a soln. of 
phosphoric acid neutralized with ammonia Similar remarks apply to the potassium 
salt, although the corresponding sodium salt was formed 

The prismatic crystals of the tertiary ammonium salt lose ammonia slowly in 
air, hut remam unchanged in a sealed tube , they are soluble in warm water and 
separate out again from the cooling soln. The crystals are fairly stable m dry air, 
but lose two-thirds then ammonia when a soln is boiled The hydrolysis and 
electrical conductivity of aq. soln. has been discussed in connection with the 
primary salt. When boiled with aluminium foil, W. Smith found a feebly alkaline 
soln. of ammonia in phosphoric acid attacked the metal, forming a white powder ; 
zinc, under similar conditions, gives off hydrogen and ammonia. G. Petrenko mixed 
a cooled soln. of tnammomum orthophosphate with hydrogen peroxide and treated 
the mixture with alcohol. Monoclinio and rhombic crystals were obtained which in 
air decomposed into oxygen and ammonia G Petrenko represents th e composition by 
theformula 3 (NH 40 2 ) 2 P : 0(NH 4 0 2 )(NH 4 0) 2 P : 0(NH i 0 2 )(NH 4 0)(0II)P : 0.12H 2 0 ; 
the produot may be impure ammonium perphosphate, (NH 4 ) 8 P0 5 . P. Chrfetien 
prepared ammonium iodatophosphate, 4(NH4) 2 0.P a 05.18I 2 0 5 .12H 2 0, analogous 
with the potassium salt (q v ) 

Sodium ammonium hydrophosphate, NHdNaHP0 4 .4H 2 0. — This salt is also 
called rmcrocosrmc salt . T. J. Herapath found it to occur as sterconte — slercus , 
dung — in guano. In 1743, A. S. Marggraf 4 showed that the salt obtained by the 
evaporation of human urine contained volatile alkali and phosphoric acid , and 
L. J Proust (1776) demonstrated the presence of soda in this same salt. Reference to 
the salt appears m the writings of the pseudo-Geber, J I Hollandus, J. B van Helmont 
(1644), etc. From the sixteenth to the eighteenth century, this salt was called 
sal unnm jfocum to distinguish it from sal urmce volatile , or ammonium carbonate ; 
and it was also called sal microcosmzcum , beoause it was derived from man, and 
Paracelsus supposed mankind to be an epitome, immature, or microcosm {fUKpos, 
small , /cocr/Aos, world) of the exterior universe or macrocosm (/xa/epos, great). 

J. J Berzelius prepared crystals of tetrahydrated sodium ammonium hydro- 
phosphate, Na(NH i )HPC >4 4H 2 0, in 1816, by cooling a hot aq soln, of five parte 
secondary sodium phosphate, Na 2 HP 04 .I 2 H 2 G, with two of the corresponding 
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ammonium salt, (NH^HPO*. The mother liquor when further evaporated yields 
other crops of crystals provided the ammonia lost by evaporation be replaced. 
J J. Berzelius also obtained the salt by coolmg a hot boLd of six to seven parts of 
secondary sodium phosphate with one of ammo mum chloride G, C. Wittstem showed 
that products need to be recrystallized m order to eliminate contaminating sodium 
chloride. If thesodium phosphate used has hydrophosphate as impurity, F.L. Winkler 
says the latter crystallizes out alone, while the former produces the double salt. 

J. L Proust says the crystals have a saline and somewhat ammomacal taste. 
The crystals of microcosmic salt are formed m large, transparent, colourless prisms 
belonging to the mono clinic system, and, according toE. Mitscherlich, they have the 
axial ratios a : b * c=2 8826 • 1 : 1*8616, and /3=99° 18'. H SchifE gives the sp. 
gr 1 554, while T J Herapath gave 1 6159 for sterconte with 9 per oent impurity. 
When heated, the crystals effloresce and give off ammonia when exposed to the 
air T. Graham says that the crystals melt very easily when heated, and lose 
ammonia and water, leaving a residue of sodium dihydrophosphate, NaH 2 P0 4 , and, 
adds E Mitscherlich, all the combined water is given off at a higher temp , and the 
salt is converted into a transparent glass — sodium hexametaphosphate — which 
is used as a flux for metallic oxides G von Knorre places the m p at 79°, and he 
says that after three hours’ heating at 100°, it loses only 0‘6 per cent, of ammonia ; 
at 200°, it forms disodium dihydrophosphate, Na 2 H 2 P 2 07 ; the formation of soluble 
bnmetaphosphate begins about 240°, and of msoluble metaphosphate at about 245° ; 
at 280° a considerable proportion of sodium metaphosphate is formed, and the 
remaining ammonia is slowly lost at about 310°. More particularly, three mols, 
of water are expelled below 62°, a fourth below 160° ; and a fifth along with ammonia 
is not completely expelled at 360°. It is thought that the three molecules of water 
expelled below 100° are united m the molecule as bivalent H 2 0-groups (oxygen 
quadrivalent), and that the others are m the hydroxylie form. These hypotheses 
give the graphic formula : — 


NaO /®*0— OH 
* a £>P^HO=OH 
\ H q = oh 


2 

2 

2 


The saltis very soluble in water — 100 grms of cold water dissolve 16*7 parts of the 
Balt, and 100 paTts of hot water dissolve 100 parts of salt — the soln. loses ammonia 
when heated. J. M. Thomson and W. P. Bloxara found that the supersaturated 
soln crystallizes when seeded with a crystal of the solid salt — this is taken as showing 
the existence of the undissociated sohd m the soln J. M van Bemmelen found 
that but very little ammonia can be separated by dialysis. J Thomsen gives —10 8 
Cals for the heat of soln of a mol of the salt m 800 mols of water at 18° E Doumer 
gives 0 303 for the optical refraction of the salt m dll. soln , and 45 for the mol. 
refraction 


According to H. TJelsmann, if a hot soln of microcosmic Balt m cone, aqua 
ammonia be cooled, crystals of hexahydrated sodium pentammonium diphosphate, 
(NH 4 ) 0 Na(PO 4 ) B 6H a O, are formed, which, on calcination, give a mixture of sodium meta- 
phosphate and metaphosphone acid A gam, H Uelsmann found that if eold cone soln. be 
usod, crystalline plates of sodium diammonium phosphate, (NH 4 ) a NaP0 4 4(or 5)H a O, separate 
out The crystals are washed with aqua ammonia On exposure to air, or on evaporating 
the aq soln , ammonia is given off, and microcosmio salt is formed A Herzfeld and Ct 
Feuerlem. prepared crystals ot disodium ammonium phosphate, Na 2 (NH 4 )PCh 12H a O, by the 
action of ammonia gas on a cone soln of disodium hydiophosphate. H. Uelsmann claims 
to have made pentahydrated sodium ammonium hydrophosphate* (NH 4 )UaHP0 4 5H,0, 
by the spontaneous evaporation of the mother liquid remaining after the preparation of 
sodium pentammomum diphosphate, (NH 4 ) 6 Na(P0 4 ) 2 .6H J 0. A Schwarzenberg did nob 
succeed m making a potassium ammonium orthophosphate — potass ium microcosmic salt -• 
either from a mixture ol dipotaasiuxn hydrophosphate and ammonium chloride, or by 
saturating a soln. of potassium dihydiophosphate with ammonia and spontaneously 
evaporating the soln S S. Sadtler prepared the mixed salt from phosphorite. P. W 
Bridgman represented a commeicial preparation by (NH 4 ) a KP0 4 .4H 8 0. The salt becomes 
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anhydrous by heating in vacuo for 2 hrs at 100°. He found evidence of a transition point 
near 106° at 11,480 kgrms. per sq. cm , or at 80°, and 11,800 kgrms press. ; bub none at 
room temp up to 120,000 kgrms. per sq. cm press. There is another transition at 128 # 
It is assumed that there are three modifications of this salt , but that the substance itself 
is unstable and gradually changes to some other substance with a change m volume The 
faot that the change m volume is a decrease shows that the unstabihty is the result of high 
press and not by a high temp. The change is not accompanied by an alteration in the 
colour, or by the evolution of ammonia J. J. Berzelius reported the formation of lithium 
ammonium hydro phosphate — lithium mtcrocosmic salt — analogous to the corresponding sodium 
salt, by evaporating a soln. of a lithium salt with diammonium hydrophosphate , bub 
W. Meyer and C F. Rammelsberg obtained only tnlrbhium orthophosphate, Ia 3 P0 4 , 
under these conditions. 

E. FiUiol and J. B. Senderens claim to have made sodmm ammonium sesquiphos- 
phate, Na 3 P04.(NH4) a P0 4: 2H 3 P04 3 H 2 0 , analogous to the sodium sa]t (q.v ) 
This compound — if it be a compound — is said to be very unstable and readily de- 
composed by water into an acid and a basio salt 

Ammonium pyrophosphates. — A Sohwarzenberg 5 prepared normal or quater- 
nary ammonium pyrophosphate by adding alcohol to a sat soln of pyrophosphono 
acid in aqua ammonia. He found that small crystals of tetrammonium pyro- 
phosphate, (NH4) 4 P 2 0 7 , separated when the mixture was allowed to stand for 
24 hrs The salt is very soluble in water, and reacts alkaline When the aq. soln 
is heated with ammonia, it forms triammonium orthophosphate, (NH 4 ) S P04 ; and 
if the aq soln he boiled alone, it forms diammonium dihydropyrophosphate, 
(NH4) 2 H 2 P 2 0 7 A Sohwarzenberg prepared secondary ammonium pyrophos- 
phate by dissolving normal ammonium pyrophosphate m acetic acid, and mixing 
the soln. with alcohol, until the syrupy hquid which separates crystallizes. The 
crystals are freed from acetic acid by washing with water. <3*. von Knorre made the 
same salt by heating diammomum hydrophosphate, (NHJgHPO*, m a platinum 
dish at 155 °. The salt is readily soluble in water, the soln reacts acid, and it can 
be boiled without forming orthophosphate 

A. Sohwarzenberg made monoclinio prisms of disodium diammonium pyro- 
phosphate, Na 2 (NH4) 2 P 2 0 7 , by evaporating a mixture of secondary sodium pyro- 
phosphate and aqua ammonia over quicklime and. ammonium chloride. The crystals 
are readily soluble in water, and the soln., when boiled, loses ammonia. A Schwar- 
zenbexg prepared crystals of hemihydrated dipotassium ammonium hydropyro- 
phosphate, K 2 (NH4)HP 2 0 7 .4H 2 0. 

Ammonium metaphosphates. — The product obtained by H. N. Stokes 6 by 
boiling monamidophosphono acid, NIL. P 0 ( 0 H) 2 , is either ammonium mono- 
metaphosphate, or a mixture of different metaphospkates — vide mfra. Gk Tam- 
mann prepared microscopic orystals of what he called ammonium jS-monometa- 
phosphate, NH4PO3, by crystallization in the oold of a soln of phosphorus pentoxide 
and glassy metaphosphono acid with ammonium carbonate A soln of the purified 
salt gives a white precipitate with silver nitrate. The air-dried salt has the com- 
position NH4PO3 3 ' 4 H 2 0 , and it passes in a few weeks into the orthophosphate. 

Ammonium dimetaphosphate, (NH4) 2 P 2 0 6 . — T Fleitmann prepared the an- 
hydrous salt by treating oopper dimetaphosphate with a soln of ammonium sulphide 
ip aqua ammonia The filtered soln is then treated with alcohol 0 G Lmdboom, 
and A. Sabafiej eff prepared the same salt by melting sodium dihydrophosphate, 
and purifying the product by crystallization ; the sodium dimetaphosphate so 
obtained was transformed into the barium salt, and the latter treated with am- 
monium sulphate. A Glatzel obtained tetrahydrated ammonium dimetaphosphate, 
(NH 4 ) 2 P 2 0 6 . 4 H 2 0 , by crystallization from very cone. soln. 

The crystals of the anhydrous salt axe short prisms belonging to the mono- 
olimo system. T. Eleitmann found that 100 parts of cold ox hot water dissolve 
87 parts of the salt. A Glatzel found that the salt is easily soluble in acids, and 
when the acidified soln are boiled orthophosphonc acid is formed. The aq. soln. 
has an alkaline reaction, and when boiled it beoomes acid, and contains no more 



THE ALKALI METALS 


877 


metaphosphate L Jawern and A. Thillot calculated the mol wt 118 from the 
lowering of the f p of aq aoln — the value calculated for (NH 4 ) 2 P 2 0 6 is 97. 
G. T amma nn, and A. Sabanejefi, have measured the lowering of the ip., the 
electrical conductivity, and the temp coeff of aq soln. T. Fleitmann found that 
when the anhydrous salt is heated to 200°‘-250°, it forms insoluble monometa- 
phosphate, NB4PO4, which does not change at 300°, but melts with the loss of 
ammonia at a red heat A Glatzel says that when the tetrahydrate is heated to 
200°, it loses its water of crystallization, and a large portion of the product is insoluble 
in water. The insoluble fraction is thought to be T Fleitmann’s monometaphos- 
phate, the soluble portion is ordinary ammonium phosphate If the hydrated salt 
be suddenly heated, it swells and bloats with the evolution of ammonia, and finally 
melts to a clear glassy metaphosphono acid 

T. Fleitmann prepared what he regarded as hydrated sodium ammonium di- 
metaphosphate, Na(KH 4 )P 2 0e H 2 0, by evapoxatmg in air, or adding alcohol to a 
mixed soln of the component salts The crystals lose their water of crystalliza- 
tion at 110°. They are more soluble m wateT than the sodium salt, and less 
soluble than the ammonium salt T Fleitmann also prepared potassium ammonium 
dimetaphosphate, 2K 2 P20 6 .5(NH 4 )2P 2 0 6 , by crystallization from a mixed soln. 
of the component salts in the respective mol. proportion 1.3; with equi-molecular 
proportions, the salt, 3K 2 P 2 0 6 (NE^^Oe 4H 2 0, is obtained. 

Ammonium trimetaphosphate, (NH 4 1 S P 3 0 9 , C G. Lmdboom, and G von Knorre 
made this salt and also the double salt, ammonium barium trimetaphosphate, 
NH4BaP 8 0 9 H 2 0 G. Tammann’s lithium diammonium trimetaphosphate, 
L^NB^PsOg.AB^O, possibly belongs to this class of compounds. The last-named 
compound was made by allowing insoluble lithium metaphosphate to stand fox a 
week m contact with a soln of ammonium chloride. It is not perceptibly soluble 
in cold water, bub dissolves copiously at 70°, forming an acid liquid from which the 
salt does not separate on cooling. G. Tammann measured the electrical con- 
ductivities of the soln. 

Ammonium tetrametaphosphate.— F. Warschauer prepared ammonium tetra- 
metaphosphate, (NEy^O^, by the action of a soln. of ammonium sulphide in 
aqua ammonia upon copper tetrametaphosphate The filtered soln. is either 
treated with alcohol or allowed to evaporate spontaneously. Fine crystals can be 
obtamed by the reorystallization of the aq soln If a trace of ammonium sulphide 
be retained by the salt as impurity, the crystals become yellow when exposed to 
light. The crystals were found by W. Muller to be tetragonal with axial ratios 
a : c=l : 1*1799. The salt is more readily soluble in water than the corresponding 
sodium or potassium salts ; according to A Glatzel, 100 parts of water dissolve 
12 5 parts of the salt, and the- soln. has a feeble acid reaction. A Glatzel says that 
when the aq soln. is evaporated m air, it forms a viscid mass from which tetra- 
hydrated ammonium tetrametaphosphate, (NHi) 4 P 4 0 12 4H 2 0, separates at 30°. 
The hydrate loses water at 150°, and becomes almost insoluble and no longer behaves 
as a tetrametaphosphate The ammonia is driven ofE at a red heat and some of the 
acid is simultaneously volatilized. When the aq soln is boiled with acids, an ortho- 
phosphate is formed. F. Warschauer measured the electnoal conductivities of 
aq. soln. 

Ammonium pentametaphosphate. — G. Tammann (1892) claims to have made 
ammonium pentametaphosphate, (NH4) 6 P 5 0 15 , by heating ammonium dimeta- 
phosphate at 200°-250°, and treating the resulting mass with water. The same 
salt is made by dissolving ammonium decametaphosphate in hot water ; alcohol 
preoipitates the salt from this soln. in white amorphous masses which have not 
been obtamed in the crystalline state, but if the soln be evaporated on a clock glass 
a stellate film is formed. G. Tammann measured the electrical conductivities of 
the soln When this salt is treated with potassium bromide, ammonium tetra- 
potassium pentametaphosphate, K 4 (NHi)P 6 0 15 • 6H 2 0, separates from the soln. ; 
similarly, sodium or lithium chloride gives an analogous ammonium tetrasodiuxn 
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pentametaphosphate, Na 4 (NH 4 )P 5 0 15 , or ammonium tetrahthium pentameta- 
phosphate, Li 4 (NH 4 )P 50 16 0 Tammann haa measured the. electrical conduc- 

tivities of soln of lithium and sodium salts. The potassium salt furnishes a crystal- 
line mass, the others form gum-like masses on evaporating the aq soln There are 
several other differences between the potassium and ammonium salts — K^NByPgOjLg 
and (NH 4 )4(NH 4 )P 6 0 X 6 — and the sodium and lithium salts — Na 4 (NH 4 )P 6 0 i 5 and 
Li 4 (NH 4 )P 5 0 1 5 For instance, the behaviour of the two senes of salts towards 
reagents is not quite the same ; and the electncal conductivity of the potassium 
salt agrees with the assumption that it furmshes five cations, while the other salts 
furnish one cation and thus behave like salts of a monobasic acid , and it is therefore 
inferred that [M^PsOxg] behaves as a monobasic complex ion, an inference which 
is confirmed by the substitutions just indicated. By treating the ammonium 
salt with silver nitrate, a pulverulent salt with the empirical composition AgPO s £H 2 0 
is obtained. When this is treated with the ammonium salt, it furnishes a crystalline 
product, Ag^NHOPgOxs 2H 2 0 Soln. of the sodium and lithium salts (I) give no 
precipitate with meTcunc or cadmium chlorides, or with cupnc sulphate — although 
the ammonium salt does give a gum-like mass , (2) with barium or feme chloride 
and lead nitrate, precipitates are formed which are insoluble m an excess of reagent , 
(3) strontium chloride, or bismuth, or silver nitrate gives a flocculent precipitate 
soluble in an excess of reagent , and (4) calcium chloride, or nickel, cobalt, man- 
ganese, zinc, ferrous, or aluminium sulphate gives a gum-like separation or a 
flocculent precipitate. The solubilities of these pTeoipitates in an excess of their 
components indicates the formation of complex salts 

Ammonium decametaphosphate. — G Tammaim prepared what he called 
ammonium decametaphosphate, (NH 4 ) lo P 10 O 8 o, by heating ammonium dimeta- 
phosphate between 200° and 250° for 2 or 3 hrs An mtramolecular change occuis 
and the opaque mass has an acid reaction. If the heating be protracted too long, 
or if maintained at too high a temp , a viscid liquid is foimed The salt is insoluble 
m water at 20°, but if 100 grms of water be allowed to stand for two months m 
contact with the solid 1 20 and 1*54 grms pass mto soln. Hot water dissolves 
the product rapidly, and there is no separation on cooling, so that the decametaphos- 
phate undergoes a transformation — the pentametaphosphate is formed. Q Tam- 
mann also found that if R MaddrelPs insoluble salt is allowed to Btand 12 weeks, 
or the second insoluble sodium metaphosphate is allowed to stand 8 weeks, in 
contact with a soln of ammonium chloride, dodeeabydrated ammonium decameta- 
phosphate, (NH 4 ) 10 P 10 Oso 12H s O, is formed m irregular shaped particles. Am- 
monium decametaphosphate is partly changed by treatment with soln of the metal 
salts — eg. potassium hydroxide, or potassium chloride gives ammonium ennea- 
potassium decametaphosphate, Kq(KH 4 )'P 1 ,O s 10H 2 0, as an insoluble crystalline 
powder. When the deca-salt is treated with hot water, two mol. eqs. of pentameta- 
phosphate axe obtained. 
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§ 45. The Relations between the Alkali Metals 

The five elements, lithium, sodium, potassium, rubidium, and osesium, called the 
alkali metals, exhibit an interesting gradation m the properties of the elements and 
their compounds m accord with the increase in their atomic weights, from member to 
member, m passing from lithium to caesium The metals are Silvery white, soft 
enough to be out with a knife, rapidly tarnish m air, and decompose water at ordinary 
temperatures. The lowest temperature at which the action of the different metals 
on water can be detected is —98° for sodium, — 105° for potasBium, —108° foi 
rubidium, and —116° for csesfum The elements are all univalent, and manifest a 
remarkable affinity for oxygen ; csBsium and rubidium ignite spontaneously if placed 
in dry oxygen at the room temperature. Sodium and lithium, though compatible 
with the other members of the family, have feebler affinities The chemical activity 
of the alkali metals appears to increase steadily m passing from lithiu m to caesium 
The gradation in the physical properties is illustrated m Table LXIV. 

The elements have remarkably low specific gravity, and a high atomic volume 
(q v.). The oxides and hydroxides are markedly basic ; they do not exhibit acidic 
qualities. The physical properties of the salts — solubility in water, molecular 
volume, optical properties, and the variation m the form of the crystals show the 
same. order of variation as the atomic weights of the elements. Lithium differs in 
many respects from the other members of the family. The salts of the alkali metals 
— nitrates, chlondes, sulphides, sulphates, phosphates, carbonates, etc — are nearly 
all soluble in water, although lithium, carbonate, phosphate, and fluoride are very 
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much less soluble than the corresponding salts of the other members. And in this 
respect, lithium resembles the members of the calcium family, and it thus forms a 

Table LXTV —Physical Properties op the Alkali Metals 
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connecting or bridge element between the alkalies and alkaline earths. The alkali 
sulphates form isomorphous characteristic alums but lithium alum appears 
to be so soluble that it has not yet been crystallized, The modes of crystallization 
of sodium and potassium sulphates and carbonates are worth noting Lithium 
carbonate is sparingly soluble in water, sodium carbonate is not deliquescent, the 
others are, Thesalts of sodium and lithium form stable hydrates with water, whereas 
potassium, rubidium, and caesium sate are nearly all anhydrous Sodium resembles 
lithium in the solubility of its chloioplatinate, acid tartrate, and alum so much so 
that the alkali metals are sometimes divided into two classes : (1) those with sparingly 
soluble chloioplatinates-viz, potassium, rubidium, and caesium , and (2) those with 
soluble ciloroplatinates-viz. sodium and lithium. 
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Oupno chlorate, 342 

ammino-, 343 

hydrated, 342 

hypoohlonte, 271 

oxychlorate, 342 

perchlorate, 399 

ammino-, 399 

Cyanochroite, 657 
Cyanochrome, 657 

D 

Darapskate, 656, 804, 816 
Daubreite, 15 

Dead space m reactions, 312 
Dephlogisticated muriatic acid, 21 
Dhobiee earth, 710 
Di-iodatee, 324 
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Didymium bromate, 354 

perchlorate, 402 

Dietzeite, 347 

Digestive salt of Sylvius, 420 
Dimesoiodic acid, 324 
Dissociation, 143 
Diver’s liquid, 843 
Douglasite, 15, 430 
Duka, 711 
Dynamite, 829 
Dysprosium bromate, 354 


E 

Eau de Javelle, 243, 268 

Labarraque, 244, 268 

Eglestomte, 15 
Electro -affinity, 227 
Electrozone, 96 
Embolite, 16 
English drops, 781 
Epsomite, 430 

Equilibria, chemical, effect of press , 146 

temp , 146 

Equilibrium, 141 

condition of, 141 

false, 162 

law, J H van’t Hoff's, 145 

Erbium bromate, 354 

chlorate, 354 

lodate, 354 

Eryophylite, 426 
Erytfirosidente, 15 
Espumilla, 711 
Eucryptite, 425 

P 

Ferment, nitric, 807 

nitrous, 807 

Forric bromate, 359 

chlorate, 359 

hypochlorite, 275 

lodate, 359 

perchlorate, 403 

periodate, 416 

Ferronatnte, 656 
Feiroua bromate, 359 

chlorate, 359 

lodate, 369 

perchlorate, 403 

periodate, 416 

Fiedlente, 16 
Fixed alkalies, 420 
Fluelhte, 1 
Fluor, 1 

acid, 3 

* apatite, 1 

lapis, 3 

Fluorides, 137 

acid, 138 

complex, 138 

detection, 135 

determination, 135 

double, 138 

etching test, 136 

hydroxy-, 139 

oxy-, 139 

thermochemistry, 218 


Fluorides, uses, 134 
Fluorine, 3, 4 

* action, acetone, 13 

ammonia, 12 

arsenic, 12 

trichloride, 12 

tnfluonde, 12 

tnoxide, 12 XL 

borates, 13 

bone oxide, 12 

boron, 12 

tnohlonde, 12 

bromides, 13 

bromine, 12 

calcium carbide, 3 

carbon, 12, 13 

dioxide, 13 

disulphide, 13 

monoxide, 13 

tetrachloride, 13 

carbonates, 13 

carbonyl chloride, 13 

chlorides, 13 

chlorme, 11 

chloroform, 13 

cyanides, 13 

cyanogen, 13 

ethylene tetrachloride, 13 

glass, 12 

hydrofluoric acid, 12 

— hydrogen, 11 

bromide, 12 

chloride, 12 

iodide, 12 

sulphide, 11 

iodides, 13 

iodine, 12 

metals, 13 

nitrates, 13 

nitrides, 13 

nitrogen, 12 

peroxide, 12 

— nitrous oxide, 12 

oxides, 13 

oxygen, 11 

ozone, 11 

phosphates, 13 

phosphides, J 3 

— phosphorus, 12 

oxyfluoride, 12 

pentaohlonde, 12 

pentafLuoride, 12 

pentoxide, 12 

— trichloride, 12 

selenium, 11 

solioa, 12 

silioon, 12 

tetrachloride, 12 

sulphates, 13 

sulphides, 13 

sulphur, 11 

— dioxide, 11 

sulphuric acid, 11 

tellurium, 11 

water, 11 

atomic weight, 13 

— — boiling pomt, 10 

-bromine compounds, 113 

capillarity, 10 

chloiine compounds, 113 
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Fluorine, odour, 9 

decomposition voltage, 10 

density (relative), 10 

dispersion, 10 

elementary nature, 9 

expansion (thermal), 10 

history, 3 

in bones, 2 

mineral waters, 2 

— — index of retraction, 10 

-iodine compounds, 114 

magnetic susceptibility, 10 

melting point, 10 

molecular weight, 13 

occurrence, 1 

preparation, 7 

Aragp’s process, 9 

Moissarrs process, 8 

Poulenc and Meslans’ process, 9 

properties, chemical, 10 

physical, 9 

refraction, 10 

smell, 9 

spectrum, 10 

transport number, 10 

Fluorite, 1, 3 
Fluonum, 4 
Fluoro-iodic acid, 363 
Fluorspar, 1, 3 
Fluss, 3 
Flusspat, 3 
Flusssaure, 3 
Flussspath, hepatic, l 

stink, 1 

Footeite, 15 
Fuming acids, 190 

G 

Glaserite, 430, 657, 688 
Glasspat, 3 
Glaubente, 430 
Gold hypochlorite, 271 

lodate, 342 

Gun-cotton, 829 
Gunpowder, 820, 825 
Gypsum, 430 

H 

Halazone, 97 
Halide salts, l 
Hahdes, 1 
Halite, 16, 430, 522 
Halogens, X 

binary compounds, 113 

Haloid salts, 1 
Hanksite, 666 
Hardness, 453 
Hemzite, 430 
Herderite, 2 
Hermite’s fluid, 96 
Heterosite, 426 
Hiddemte, 425 
Hieratite, 2 
Hollands, 243 
Horn silver, 13 
Hurka, 711 

Hydriodio acid, preparation, 170 
" properties. 1 82 


INDEX 

Hydnodic acid, uses, 212 
Hydroboraoite, 430 
Hydrobromxc aoid, preparation, 167 

properties, 182 

uses, 212 

Hydrochloric acid, impurities in, 165 

preparation, 158 

properties, 1 82 

purification, 165 

uses, 212 

Hydrofluoric acid, 127 

chemical properties, 1 33 

physical proportion, 129, 130 

preparation, 127 

uses, 134 

Hydrogen and ohlonno, union in light, 148 

bromide, hydratos, 184 

non-aq soln., 197 

physical properties, 173 

preparation, 167 

properties, ohemioal, 200 

solubility, 182 

chloride, composition, 208 

hydrates, 182 

non aq soln , ] 96 

physioal properties, 173 

preparation, 1 58 

properties, chemical, 200 

solubility, 182 

chlorobromide, 234 

fluoride, 127 

chemical pioportios, 133 

composition, 134 

mol wt , 134 

physical properties, 129 

preparation, 127 

iodide, hydrates, 185 

non-aq soln,, 197 

physical properties, 173 

preparation, 170 

properties, chemical, 200 

punfloation, 172 

solubility, 182 

perbromide, 234 

perchlondo, 234 

• penodido, 234 

Hydromelanthalhte, 15 
Hydroxylamme chlonte, 284 
Hyper oxygenized muriatic acid, 286 
Hypobromites, 250, 267 

preparation, electrical processes, 280 

uses, 256 

Hypobromous acid, preparation, 243, 245 

properties, 250 

anhydride, 242 

Hypochlorites, 250, 267 

constitution, 267 

preparation, electrical procosses, 276 

uses, 256 

Hypochlorous acid, preparation, 243, 244 

• properties, 250 

anhydride, 241 

Hypoiodique anhydride, 291 
Hypoiodites, 250, 267 
— ■ — preparation, electrical processes, 280 
Hypoiodous acid, preparation, 243, 240 

properties, 250 

anhydride, 242 

Hypotribromitea, 252 
Hypotri-iodites, 252 
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Indium iodate, 355 

perchlorate, 402 

Induction period, 140 

of photochemical, 149 

Iod ammonium iodide, 620 

ami-rune, 620 

Iodates, 296 

acid, 324, 335 

complex, 324 

detection, 319 

preparation, 301 

• properties, 305 

uses, 319 

Iodic acid, 296 

chromato-, 363 

constitution, 320 

fluoro-. 363 

molybdate-, 363 

phosphate-, 363 

preparation, 296, 301 

properties, 306 

eelenato-, 363 

sulphate-, 363 

tellurato-, 303 

tungstate-, 363 

— vanadato-, 363 

Iodides, acid, 220 

complex, 229 

detection, 209 

preparation, 214 

properties, 217 

thermochemistry, 218 

Iodine acetate, 292 

a-monoohlonde, 116 

j9-monoohloride, 116 

atomic weight, 101, 106 

-bromine compounds, 122 

chemical reactions, 90 

-chlorine compounds, 114 

colloidal, 98 

dioxide, 291 

preparation, 291 

properties, 292 

extraction from caliche, 43 

seaweed, 42 

-fluorine compounds, 114 

history, 20, 23 

hydrosol, 98 

iodate, 286, 292 

isotopes, 107 

mol wt , 107 

— — monobromide, 122 

preparation, 116 

properties, 117 

— — - monoxide, 242 

nitrate, 292 

occurrence, 16 

oxyfluonde, 292 

pentafluonde, 114 

pentoxide, 293 

preparation, 293 

properties, 294 

physical properties, 46 

preparation, 41 

purification, 44 

recovery, 44 

solubility, 72 

— acid soln , 82 


Iodine solubility, organic solvents, 84 

salt soln,, 82 

water, 71 

solutions, oolour, 1 10 

sulphate, 285 

Mdlon’s, 292 

sulphite, 292 

tetroxide, 291 

trichloride, 119 

tnoxide, 281, 285 

uses, 96 

valency, 108 

Iodobromite, 16, 17 
Iodoembolite, 16 
Iodomum, 108 

hydroxide, 108 

phenyl derivatives, 108 

Iodosobenfcene, 108 
Iodous acid, 285 
Iodynte, 17 
Ions, nature, 226 
Irvmgite, 425 


K 

Kamite, 430, 657 

Kali carbomcum e tartaro, 7 14 

magnesia, 660 

Kainate, 657 
Kalk flusssuurer, 3 
Kara, 711 
Karstemte, 430 
Kelp ash, 437 
Kiesente, 430 
Kodolite, 2 
Koenemte, 431 
Kremersite, 15 
Krugite, 430, 657 
Kunzite, 425 


Ii 


Langbemite, 430 
Lanthanum br ornate, 354 

iodate, 365 

perchlorate, 402 

periodate, 415 

Lauriomte, 16 
Lautarite, 347 
Lawrencite, 15 
Lead bromate, 356 

chlorate, 360 

chlorite, 283 

iodate, 366 

perchlorate, 402 

penodate, 415, 410 

Least effort, principle of, 146 
Leomte, 430, 667 
Lepidolite, 2, 425 
Lathiophylite, 426 
Lithium, a-, 458 

ammonium hydr orthophosphate, 878 

pentametaphosphate, 878 

sulphate, 705 

tmnetaphosphate, 877 

at wt , 470 

fl-, 458 

bromate, 330 
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Lithium bromide, 577 

am mines, 586 

properties, chemical, 586 

physical, 579 

osBSium alloys, 481 

carbamate, 796 

carbonate, preparation, 725 

properties, chemical, 767 

physical, 747 

chlorate, 825 

ammmo, 329 

chloride ammmo-, 554 

and sulphate crystallization, 689 

hydrated, 542 

preparation, 528 

properties, chemical, 552 

physical, 529 

chlonte, 284 

chloroiodide, 611 

dihydrortbophosphate, 858 

dioxide, 487 

diphosphate, 862 

disulphide, 632 

fluoride, 512 

history, 421 

hydrides, 481 

hydrocarbonate, 773 

hydrorthophosphate, secondary, 851 

hydroBulphates, 678, 079 

hydrated, 687 

hydrosulphide, 641 

hydroxide, 495 

properties, 500 

hydroxyiodide, 600 

hypochlorites, 269 

iodate, 332 

hydrated, 334 

lodatophosphate, 851 

iodide, 696 

hydrated, 602 

properties* chemical, 605 

physical, 698 

metaphosphate, 807 

monosulpm.de, 621 

properties, chemical, 627 

physical, 624 

monoxide, 486 

nitTate, 802 

— hydrates, 815 

properties, chemical, 605 

physical, 598 

nitratosulphate, 816 

— orthophosphate, normal, 847 

properties, chemical, 849 

physical, 848 

perchlorate, 395 

periodate, 406, 408, 409 

ammonium, 409 

-potassium alloys, 480 

carbonate, 748, 768 

sulphate, 687 

— — preparation, 446, 449 

properties, chemical, 468 

physical, 461 

pyrophosphate, 862 

■ -rubidium alloys, 481 

sulphate, 688 

salts, extraction, 442, 443, 444 

— - — -sodium alloys, 480 

— sulphate, 687 


Lithium subohloride, 530 

sulphate, hydrates, 667 

preparation, 060 

properties, chemical, 672 

physical, 060 

sulphomodide, 607 

tetrametaphosphate, 867 

Lithophosphorus, 3 
Liver of sulphur, 621 

soda, 021 

volatile, 645 

Lowite, 430 


M 

Magnesium and potassium chlorides, crys- 
tallization, 432 

and sulphates, crystal- 
lization, 434 

sulphates, crystallization, 

432 

bromate, 350 

chlorate, 349 

hypobromite, 274 

hypochlorite, 273 

hypoiodite, 274 

iodate, 350 

perchlorate, 400 

periodate, 414 

Manganato periodic acid, 416 
Manganese bromate, 359 

chlorate, 359 

ammmo-, 359 

dioxide Action hydrochloric acid, 27 

iodate, 359 

Mangam-iodic acid, 359 
Manganic periodate, 410 
Manganous perchlorate, 403 
Marshite, 17 
Matlockite, 15 
Melanothallite, 15 

Melmophane, 2 

Mendipite, 15 
Mendozite, 050 
Mercuric bromate, 352 

chlorate, 351 

chlonte, 284 

Mercunus arum alia, 780 
Moxcury hypochlorite, 274 

hypoiodite, 274 

iodate, 352 

perchlorate, 400 

periodate, 416 

Mercurous bromate, 352 

chlonte, 284 

iodate, 352 

periodate, 415 

Mesoiodio acid, 322 
Mesopenodio acid, 388 
Metachromatism, 221 
Metaiodio acid, 322, 324 
Metapenodio acid, 386 
Metal of salt, 421 
Mild alkali, 496 

alkalies, 421 

MiUon’s iodine sulphate, 292 
Mimetite, 15 
I Mineral alkali, 420 
I Mirabilite, 666 



TNDEX 


889 


Molybdato-iodio acid, 303 

-periodates, 400, 417 

Molymte, 15 
Muriatic acid, 20, 21 


N 


Nantokite, 15 
Natar, 419 

N atroamblygomte, 420 
Natron, 710 
Natrophylite, 426 
N eodymium bromate, 354 

perchlorate, 402 

Neter, 419 
Nickel bromate, 360 

ammino-, 361 

chlorate, 360 

amminO', 300 

lodate, 362 

ammino-, 363 

a-dihydrated, 362 

* fl-dhhydrated, 362 

perchlorate, 403 

ammino-, 404 

penodote, 416 

Nitratm, 802 
Nitre, 419 

basin, 803 

beds, 808 

cake, 667 

oubio, 808 

meal, 807 

plantations, 808 

prismatic, 808 

. rhombohedral, 808 

Nitne ferment, 807 
Nitrocellulose, 829 
Nitroglaubente, 691, 803, 816 
Nitroglyoerol, 829 
Nitron, 419 
Nitroso -iodic acid, 291 
Nitrosyl perchlorate, 401 
Nitrotohiene, 829 
Nitrous ferment, 807 
Nitrum, 419 

■ flammana, 829 

vitnolatum, 050 

Nocenne, 2 


O 


Offa Helmonti, 800 
Oleum vmi, 21 
Optical extinction, 155 
Orthoiodic acid, 322 
Orthopenodio acid, 386 
OstwaJd’s law of successive reactions, 
371 

Oxiodio aoid, 293 
Oxohth, 253 

Oxy-acids oi chlorine, substitution of 
bromine, 385 

iodine, 385 

Oxychlonno acids, thermochemistry, 379 
Oxygenated potassium chlorate, 371 
Oxyiodine, 293 


P 


Pachnolite, 1 
Panaccea duplicata, 066 
Pan acid, 730 

gas, 730 

Paralaunomte, 16 
Parapenodio acid, 380 
Partition coeS , 75 
law, 75 

Berthelot and Jungfleisoh, 

Pearlash, 438 
PenfLeldite, 16 
Perbromates, 384 
Perbromio acid, 384 
Perbromides, 233 
Perchlorates, 370, 395 

detection, 381 

determination, 381 

preparation, 3X 

electrolytic processes, 8 

properties, 381 

Perchloric acni, 370 

composition, 382 

constitution, 382 

hydrateB, 378 

preparation, 371 

properties, chemical, 379 

— : physical, 376 

anhydride, 380 

Perchlondes, 233 
Percylite, 15 

Period of acceleration, 160 

induction, 311 

photochemical, 149 

Penodates, 386, 406 


, Molybdato-, 417 

nomenclature, 386 

preparation, 387 

Tungstato-, 417 

Periodic acid, detection, 393 

determination, 393 

meso-, 386 

meta-, 386 

nomenclature, 386 


ortho-, 386 
• para-, 386 


-acids, 386 

basicity of, 391 

preparation, 387 

• properties, 389 


Penodides, 233 
Perlatum, 851 
Petajite, 425 
Phosgemte, 15 
Phosphato-iodio acid, 363 
Phosphoric spar, 3 
Phosphorite, 1 

Photochemical equivalence, 153 

Einstein’s law, 163 

extinction, 156 

* induction, 149 

Photoelectno action, 152 
effect, 152 


Photolysis, 164 
Picromente, 430, 657 
Pnmoite, 430 
Plate sulphate, 688 
Pneumatogen, 480 
PoUucite, 426 


75 
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Pollux, 426 
Polyhalite, 430, 057 
Polyiochdes, 233 
Potash, 420, 438 
salt beds, 427 

Potassium ammonium deoametaphosphate, 
878 

orthophosphates, 875 

pentametaphosphate, 877 

pyrophosphate, 876 

and magnesium chlorides, crystalliza- 
tion, 432 

and sulphates, crystal- 
lization, 434 

sulphates, crystallization, 

432 

sodium sulphates and chlorides, 

crystallization, 089 

-astraoamte, 430 

at wt , 470 

bromate, 330 

bromide, 577 

impurities of, 678 

properties, ohemioal, 686 

physical, 579 

bromoiodiae, 010 

-caesium alloys, 481 

■ carbamate, 790 

carbonate and sodium nitrate reaction, 

804 

hydrated, 750 

preparation, 713 

properties, chemical, 707 

physical, 747 

carbonyl, 450 

chlorate, 326 

chlorates, 297 

chlonde and sodium sulphate crystal- 
lization, 689 

extraction from camallifce, 620 

mol wt,, 566 

occurrence, 622 

preparation, 628 

properties, 629 

chemical, 562 

physical, 629 

purification, 527 

chlorite, 283 

chloroiodide, 610, 611 

chlorosulphate, 691 

dihydrorthophosphate, 868 

dihydropyrophoflphate, 865 

di-iodate, 335 

dioxide, 487 

diphosphate, 862 

disulphide, 630, 632 

fluonde, 512 

fiuorometaphosphate, 857 

fluorophosphate, 850 

fluorosulphate, 091 

hexasulpmde, 630, 040 

history, 421 

hydnae, 481 

hydrobromide, 587 

* hydrooarbonate, 763, 774, 778 

hydronitrate, 821 

hydrorthophosphate, secondary, 861 

hydrosulphate, hydrated, 082 

hydroaulphates, 677, 678, 679, 082 

hydrosulphide, 041 


Potassium hydroxide, 495 

properties, 600 

purification, 499 

uses, 509 

hypobromite, 269 

hypoiodite, 269 

lodate, 332 

hydrated, 335 

lodatophosphate, 851 

iodatosulpnate, 691 

iodide, 696 

impurities, 698 

properties, chemioal, 005 

physical, 508 

lodosulphate, 691 

-lithium alloys, 480 

oarbonate, 748, 708 

— sulphate, 687 

manganato -periodate, 416 

metaphosphato, 867 

monosulphide, 622 

hydrated, 624 

properties, chemioal, 627 

physical, 024 

monoxide, 486 

nitrate, 802 

nitrates, properties, chemical, 820 

physical, 808 

occurrence, 423 

orthophosphate, normal, 847 

properties, chemical, 849 

physical, 848 

pentasulphide, 630, 636 

perchlorate, 396 

penodates, 407, 409, 410 

preparation, 445, 447 

properties, chemioal, 468 

physical, 451 

— — pyrophosphate, 802 

rubidium alloys, 481 

salts, extraction, 437 

blast furnace dust, 440 

brines, 437 

cement kiln dust, 440 

insoluble silicates, 439 

kelp ash, 437 

sea water, 437 

suint, 438 

vinaese oi sugar beet, 438 

— wood ashes, 437 

wool fat, 438 

sesqmcarbonate, 778 

Bodide, 480 

-Bodium alloys, 480 

oarbonate, 769 

chlorosulphate, 691 

dimetaphosphate, 877 

hydrorthophosphate, 867 

pyrophosphate, 867 

sesquiphosphate, 850 

sulphate, 088 

subchlonde, 530 

Buboxide, 485 

sulphate and sodium chlonde, crystal- 
lization, 689 

occurrence, 067 

preparation, 659 

, properties, ohemioal, 672 

physioal, 660 ■ 

sulphoniodide, 607 
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Potassium tetrametaphosphate, 867 

tetrasulphide, 630, 634 

tetroxide, 485, 491 

tnbromide, 587 

tn-iodate, 336 

tn-iochde, 609 

■ tnoxide, 485, 491 

* tnsulphide, 630, 633 

uranyl lodate, 358 

uses, 470 

Praseodymium bromate, 354 

perchlorate, 402 

Pressure, effect on equilibria, 146 
Principle of least effort, 146 
Pnsm powder, 826 
Prosopite, 1 
Pseudobolite, 15 
Pseudotnplite, 428 

Purification of gases by fractional solidiflca 
tion, 172 
Pyroemerald, 3 
Pyroiodic acid, 324 
Pyromorphite, 15 
Pyrosmalite, 15 


R 


Rafaelite, 15 
Ralstomte, 1 

Reaction, bimolecular-, 141 

Landolt’a, 311 

mmnoleoular, 49 

Reactions, coupled, 240 

dead space in, 312 

law of successive, 371 

light, primary, 163 

secondary, 153 

Rhodizite, 426 
Richardite, 430 
Rinneite, 15 
Roaster acid, 730 
Robin’s law, 146 
Rock salt, 430, 522 

winning, 525 

Rubellite, 426 
Ruben glimmer, 426 
Rubidium, at. wt , 470 11 

bromide, 577 

properties, chemical* 686 

physical, 577 

bromoiodide, 610 

OflBsimn alloys, 481 

carbonate, 725 

properties, chemical, 767 

* physical, 747 


— chlorate, 326 

— chloride, mol. wt , 565 

preparation, 528 

properties, chemical, 552 

- physical, 529 


■ chlorobromides, 588 


chloroiodide, 610, 611 

di-iodate, 337 , 

dioxide, 487 

dihydrorthophosphate, 858 

diphosphate, 862 

disulphide, 631, 632 

duonde, 512 

fluoro phosphate, 861 


Rubidium hexasulphide, 631, 6411 

history, 422 

hydrocarbonate, 774 

hydromfcrate, 821 

hydrorthophosphate, 851 

hydrosulphide, 642 

hydroxide, 495 

properties, 500 

lodate, 333 

iodide, 596 

properties, chemical, 605 

- physical, 698 
alloys, 4 


-lithium alloys, 481 
- sulphate, 688 


— metaphosphate, 867 

— monosulphide, 822 

hydrated, 624 

properties, chemical, 027 

physical, 624 

— monoxide, 486 

— nitrate, 802 

properties, chemical, 820 

■ physical, 808 


orthophosphate, normal, 847 

properties, chemical, 849 

physical, 848 


pentasulphide, 631, 638 

perchlorate, 395 

— — periodates, 407 

potassium alloys, 481 

preparation, 448 

properties, chemical, 468 

physical, 451 

pyrophosphate, 862 

salts, extraction, 442, 444 

subohloride, 630 

sulphate, preparation, 660 

properties, chemical, 672 

physioal, 660 

sulphomodide, 607 

tetrasulphide, 631, 634 

tetroxide, 485, 491 

tribromide, 587 


■ tn-iodate, 338 
• tri-iodide, 609 
trisulphide, 631, 634 


Sajji-mati, 710 
Sal ammoniac, 15 

armeniacus, 20 

de duobus, 656 

exooctus, 622 

fossil is, 522 

pellucena, 522 

gemma, 522 

laoustrus, 522 

mamma, 522 

micro co&nnoum, 874 

nurabile Glauben, 656 

muriaticupQ, 622 

petrffl, 420 

polyohrestum Qlasen, 656 

prunella, 656 

tartan, 066, 714 

urines fbcu m , 874 

volatile. 780 

„ pomu oem, 7@1 
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Salioor, 713 
Sails natura, 20 
Salt, 521 

cake, 057, 730, 731 

cerebroa-, 626 

decrepitating, 533 

fish-, 526 

gardens, 525 

— — Glauber’s, 656 

look, 622 

meadows, 525 

Metal of, 421 

of Sylvius, 420 

tartar, 666, 714 

pickling, 807 

ponds, 525 

prunella, 666 

springs, 622 

Sylvius’ digestive, 622 

table-, 526 

Saltpetre, 420 

Bengal, 808 

Salts, complex, 223, 224 

compound, 223 

double, 223, 224 

mixed, 264 

Samarium bromate, 364 

lodate, 355 

periodate, 415 

ScsBomte, 16 
Scandium bromate, 353 

chlorate, 353 

■ lodate, 353 

perchlorate, 402 

Schdnite, 430, 657 
Schwartzembergite, 17 
Sea salt, 522 

water, 437 

Sebkaimte, 429 
Sel de vareo, 713 

febrifuge, 522 

gemme. 522 

Selenato-di-iodic acid, 363 

monoiodic acid, 363 

Sellaite, 1 

Sels mixtes, 525, 657, 658 
Sicklente, 420 
Sidero natnte, 656 
Silver bromate, 340 

ammino-, 341 

chlorate, 340 

ammino-, 340 

chlorite, 283 

ammino, 284 ’ 

hypobromite, 271 

hypochlorite, 271 

hypoiodite, 271 

lodate, 341 

perchlorate, 399 

ammino-, 399 

periodates, 410, 411, 412 

Smokeless powders, 829 
Soda, 421, 

alioante, 713 

oartagena, 713 

malaga, 713 

Sodalite, 15 
Sodium a-, 458 

ammonium dimetaphosphate, 877 

hydrorthophosphate, 874 


Sodium ammonium orthophosphates, 876 

pentametaphosphate, 877 

pyrophosphate, 876 

sesquiphosphate, 876 

sulphate, 706 

and potassium ohlorosulphate, 691 

sulphates and chlorides, 

crystallization, 689 

anhydro-iodate, 337 

at wt , 470 

468 

romate, 330 

bromide, 577 

properties, chemical, 586 

physical, 579 

carbamate, 796 

carbonate, a -heptahy drato, 763 

/J-heptahydrate, 753 

ammonia process, 737 

hydrates, 761 

in plant ashes, 713 

Leblanc’s process, 728 

origin natural, 712 

preparation, 713 

properties, chemical, 767 

physical, 747 

unfication, 724 
olvay’s process, 737 

carbonato-phosphate, 851 

chlorate, 325 ^ 

chloride ammino-, 554 

and potassium sulphate, crystal- 
lization, 689 

hydrated, 542, 553 

— mol. wt., 555 

occurrence, 522 

preparation, 628 

— properties, chemical, 562 

physical, 529 

purification, 527 

separation from brine, 526 

sea-water, 525 

chlonte, 283 

chloroiodide, Oil 

dihydropyrophosphate, 805 

dihydrorfchophoRphate, 868 

di-iodate, 337 

dimetaphos^hato, 867 

dioxide, 487 

diphosphate, 862 

disulphide, 630, 032 

fluoride, 612 

fluorophosphate, 850 

fhiorosulphate, 091 

hexametaphosphate, 870 

hexasulphi de, 630, 040 

history, 421 

hydrides, 481 

hydrooarbonate, 703, 773 

hydrorthophosphate, 850 

secondary, 851 

hydrosulphates, 077, 678, 679, 680 

hydrated, 686 

hydrosulphide, 641 

hydroxide, 495 

properties, 500 

purification, 499 

uses, 509 

I hypobromite, 269 

I hypochlorite, 269 
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Sodium iodate, 332 

hydrated, 334 

lodatophosphate, 851 

iodide, 596 

hydrated, 602 

properties, chemical, 605 

physical, 698 

‘-lithium alloys, 480 

sulphate, 539 

manganato-penodate, 416 

metaphosphate, 867 

monosulphide, 621 

hydrated, 623 

properties, chemical, 627 

physical, 624 

monoxide, 485 

nitrate, 802 

and potassium carbonate re- 
action, 804 

extraction, 804 

properties, chemical, 820 

physical, 808 

mtratosulphate, 691, 816 

occurrence, 423 

orthophosphate normal, 847 

properties, ohemical, 

849 

physical, 848 

pentaiodide, 610 

pentasulphide, 630, 637 

perchlorate, 395 

periodates, 406, 407, 409, 410 

peroxy nitrate, 816 

polyphosphate, 866 

-potassium alloys, 480 

carbonate, 769 

hydrorthophosphate, 857 

pyrophosphate, 866 

seequiphosphate, 850 

sulphate, 687 

preparation, 445, 447 

elcctrolytio process, 447 

Castner’s, 447 

properties, ohemical, 468 

physical, 451 

pyrophosphate, 802 

sesquioar Donate, 777 

seequiphosphate, 850 

subohloride, 530 

suboxide, 485 

sulphate, 650 

a-, 661 

j8-, 061 

and potassium chloride crystalli- 
zation, 689 

hydrates, 607 

occurrence, 656 

preparation, 657 

properties, chemical, 072 

physical, 660 

sulphomodide, 607 

tetrametaphosphates, 887 

* tetrasulphide, 630, 634 

tnhydropyrophosphate, 865 

tn-iodate, 337 

tnmetaphosphate, 809 

„ tnoxide, 485, 491 

trisulphide, 030, 033 

uses, 470 

tiohd solutions, 224 


Solutions, congruent, 740 

mcongruent, 740 

Sombrente, 1 
Sool, 427 
Sosa-bruta, 711 
Soude bourde, 713 

d’Argues-mortes, 713 

de Narbonne, 713 

douoe, 713 

m61ang6e, 713 

Souring, 243 

Soushypoiodique oxyde, 285 
Spat fusible, 3 
Spatum yitreum, 3 
Speorficum purgans Paracelsi, 650 
Spectra, halogens, 57 
Spirit of hartshorn, 781 

salt, rectified, 21 

Spintus animal is, 780 

fumans Berguin’s, 645 

Boyle’s, 645 

sails, 20 

lotn, 780 

unnee, 780 

urinsa, 780 

vitnoli eoagulabilis, 656 

volatihs sabs armomaci, 780 

Spodumene, 425 
Sporting powder, 826 
Stability constant, 227 
Stannic chlorate, 356 
Stannous chlorate, 356 
Stafialite, 2 
Starch, iodide, 99 

iodized, 98 

Stassfurt potash beds, 428 

salts, origin, 434 

uses, 435 

Stassfurtite, 430 
Stemsalz, 430 
Stmkstone, 431 
Strontium bromate, 346 

— hydrated, 346 

carbamate, 796 

chlorate, 344 

hydrated, 345 

chlorite, 284 

hypobromite, 273 

hypochlorite, 272 

iodate, 347 

hydrated, 348 

perchlorate, 399 

periodates, 412, 413 

Struvemte, 656 
Subbromides, 238 
Subchlondes, 238 
Subiodides, 238 
Sumt, 425, 438 
Sulphatoiodio acid, 363 
Sulphalite, 653 
Sulphobonte, 430 
Sulphohahte, 656 
Sulphur, reflecting power-, 222 
Superiodides, 233 
Sylvine, 15, 430, 522 
Sylvmite, 431 
Sylvite, 430, 522 
Syngemte, 431, 057 
Szekso, 710 





